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HIGH-EFFICIENCY DC/DC VOLTAGE
CONVERTER INCLUDING CAPACITIVE
SWITCHING PRE-CONVERTER AND DOWN
INDUCTIVE SWITCHING
POST-REGULATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of Provisional Appli-
cations Nos. 60/877,952 and 60/877,720, both filed on Dec.
30, 2006, each of which 1s incorporated herein by reference 1in
its entirety.

FIELD OF THE INVENTION

This invention pertains to the design, operation and perior-
mance ol switching power supplies for use 1n DC/DC con-
version and voltage regulation, and to the semiconductor
components used 1n such converters.

BACKGROUND OF THE INVENTION

Voltage regulation 1s commonly required to prevent varia-
tion 1n the supply voltage powering various microelectronic
components such as digital ICs, semiconductor memories,
display modules, hard disk drives, RF circuitry, microproces-
sors, digital signal processors and analog ICs, especially 1n
battery-powered applications such as cell phones, notebook
computers and consumer products.

Since the battery or DC 1nput voltage of a product often
must be stepped-up to a higher DC voltage, or stepped-down
to a lower DC voltage, such converters are referred to as
DC-to-DC converters. Step-down converters, commonly
referred to as Buck converters, are used whenever a battery’s
voltage 1s greater than the desired load voltage. Step-down
converters may comprise inductive switching converters,
capacitive charge pumps, and linear converters. Conversely,
step-up converters, commonly referred to boost converters,
are used whenever a battery’s voltage 1s lower than the volt-
age needed to power 1ts load. Step-up converters may com-
prise inductive switching converters or capacitive charge
pumps.

Another type of converter may operate as either a step-up
or a step-down converter, depending on whether the power
input to the converter has a voltage above or below its output
voltage. Commonly referred to Buck-boost converters, such
circuitry 1s needed whenever a converter’s mput and output
voltages are similar, such that variations 1n the input voltage
preclude the use of a simple boost or Buck converter.

One example an application requiring both step-up and
step-down conversion 1s supplying a regulated 3.3V output
from a lithium 10on (Lilon) battery. Since a Lilon battery
exhibits a terminal voltage which decays from 4.2V when
tully charged to below 3V when discharged, the converter
must be able to step-down 1mitially and step-up later.

Inductive Switching Converters

Of the above voltage converters, the inductive switching,
converter can achieve superior performance over the widest
range of currents, mput voltages and output voltages. The
principles of inductive switching converter operation are
described 1n application Ser. No. 11/890,818, titled “High-
Efficiency DC/DC Voltage Converter Including Down Induc-
tive Switching Pre-Regulator And Capacitive Switching,
Post-Converter,” filed contemporaneously herewith and
incorporated herein by reference. Two examples of non-1so-
lated inductive switching converters, a synchronous Buck
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step-down converter and synchronous boost step-up con-
verter, are shown 1n FIGS. 1A and 1B.

Synchronous Buck converter 1 of FIG. 1A comprises a
power MOSFET 3, an inductor 5, a synchronous rectifier

power MOSFET 4, with a rectifier diode 8, and a capacitor 6.
Operation of MOSFET 3 1s controlled by a pulse-width

modulation (PWM) control circuit 2, driving the gate of
MOSFET 3. The gate drive may vary in polarity and voltage
depending on whether MOSFE'T 3 1s N-channel or P-channel.
Synchronous rectifier MOSFET 4, generally an N-channel
MOSFET, 1s driven out of phase with MOSFET 3, but MOS-
FET 4 1s not necessarily on the entire time when MOSFET 3
1s off. In general, MOSFET 4 conducts only during times
when diode 8 1s conducting.

While the control circuit controlling the operation of con-
verter 1 1s referred to as PWM control, implying a fixed-
frequency variable-pulse-width operation, it may alterna-
tively operate 1n a variable frequency mode where the clock
period 1s allowed to vary, or alternatively alternating between
varying and fixed frequency modes depending on load and
input conditions.

The energy input from the power source, battery or power
input 1into DC/DC converter 1 1s switched or gated through
MOSFET 3. With 1ts positive terminal connected to the bat-
tery or input, MOSFET 3 acts like a “high-side” switch con-
trolling the current 1n 1nductor 5. Diode 7 1s a P-N junction
parasitic to MOSFET 3, in parallel to 1ts drain and source,
which remains reverse-biased in normal operation. Since
diode 7 does not carry current in normal operation, 1t 1s
illustrated by dotted lines.

By controlling the current in the inductor 5 by controlling
the on-time of MOSFET 3, the energy stored 1n the magnetic
field of inductor 5 can be adjusted dynamically to control the
voltage on output filter capacitor 6. The output voltage V_ . 1s
ted back to the input of PWM control circuit 2, which controls
the current I, 1n inductor 5 through the repeated switching of
MOSFET 3. The electrical load connected to the output of
converter 1 1s not shown.

Driven out of phase with MOSFET 3, synchronous rectifier
MOSFET 4 conducts some portion of the time when MOS-
FET 3 1s off. With its positive terminal connected to the
inductor, 1.e. to the node where the intermediate voltage V _1s
present, and 1ts negative terminal connected to the circuit
ground, MOSFET 4 acts like a “low-side” switch, shunting
the current tlowing through diode 8. Diode 8 1s a P-N junction
parasitic to synchronous rectifier MOSFET 4, in parallel to its

drain and source. Diode 8 conducts substantial current only
during intervals when both MOSFETs 3 and 4 are off.

Both MOSFETs 3 and 4 are off during every switching
transition to prevent shorting of the input power source. The
so-called break-before-make (BBM) operation prevents
shoot-through conduction by guaranteeing that both MOS-
FETs 3 and 4 do not conduct simultaneously so as to short or
“crow-bar” the mput terminal of converter 1 to ground.

During this brief BBM interval, diode 8 must carry the load
current I, flowing through inductor 5. Unwanted noise can
occur during the transitions associated with BBM operation.

If we define the duty factor D of converter 1 as the percent-
age of the time that energy tlows from the battery or power
source 1nto DC/DC converter 1, 1.e., the time during which
MOSFET 3 1s on, then the output-to-input voltage ratio of
Buck converter 1 1s equal to 1ts duty factor:
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This relationship for a Buck or synchronous Buck con-
verter 1s 1llustrated by curve 17 1n FIG. 2A 1n graph 15. Notice
the Buck converter cannot smoothly reach a zero or unity
transier characteristic without exhibiting some discontinui-
ties 19 and 21 at the extremes of D. This phenomenon occurs
due to switching delays in the power MOSFETS and the
control and gate drive circuitry of converter 1.

As long as the Buck converter’s power MOSFET 1s still
switching, t_ 1s limited to some portion of the clock period T,
e.g. 5%<D<95%, essentially due to turn-on and turn-off delay
within the MOSFET switch and its control loop. For example
at a 95% duty factor and a 3 MHz clock, the off time for the
high-side MOSFET 3 1s only 5% of the 333 nsec period, or
just 16 nsec. This means that MOSFET 3 must turn off and
back 1n only 16 nsec—too rapidly to regulate over a 95%
output-to-input conversion ratio. The minimum off-time
problem impacts both synchronous and non-synchronous
Buck converters. The problem 1s, however, further exacer-
bated 1n a synchronous DC/DC converter since no time
remains for the synchronous rectifier MOSFET to turn on and
then ofl again and still exhibit BBM operation.

Referring again to graph 15 1n FIG. 2A, above some maxi-
mum duty factor D, __, there 1s not adequate time to maintain
switching operation, and converter 1 must jump from D_ __to
a 100% duty factor, as shown by discontinuity 21. Above
D _ . converter 1 turns on the high-side MOSFET 3 and
leaves 1t on for the entire period T. The abrupt transition 21
causes a glitch in the output voltage of converter 1. Moreover,
at a 100% duty factor, V_ =V _ . as shown by line 16, and all
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regulation 1s lost as long as the switching 1s halted.

Synchronous boost converter 10 shown i FIG. 1B
includes a low-side power MOSFET 12, a battery connected

inductor 13, an output capacitor 15, and a “floating” synchro-
nous rectifier MOSFET 14 with a parallel rectifier diode 16.

The gates of the MOSFETs 12 and 14 are driven by break-
before-make circuitry (not shown) and controlled by a PWM
controller 11 in response to voltage feedback V., from the
output of converter 10, which 1s present across filter capacitor
15. BBM operation 1s needed to prevent shorting out filter
capacitor 15.

The synchronous rectifier MOSFET 14, which may be an
N-channel or a P-channel MOSFET, 1s considered “floating”™
in the sense that neith its source nor its drain terminal 1s
permanently connected to any supply rail, 1.e. to ground or
V., .. Diode 16 1s a P-N diode 1ntrinsic to synchronous rec-
tifier MOSFET 14, regardless of whether synchronous recti-

fier MOSFET 14 1s a P-channel or an N-channel device. A
Schottky diode may be included in parallel with MOSFET 16
but with series imnductance may not operate fast enough to
divert current from forward-biased intrinsic diode 16. Diode
17 1s a P-N junction diode intrinsic to N-channel low-side
MOSFET 12 and remains reverse-biased under normal opera-
tion. Since diode 17 does not conduct under normal opera-
tion, 1t 1s shown as dotted lines.

If we again define the duty factor D as the time that energy
flows from the battery or power source into DC/DC converter
10, 1.¢. the time during which low-side MOSFET switch 1s on
and inductor 13 1s being magnetized, then the output-to-1nput
voltage ratio of boost converter 10 1s equal to the inverse of 1
minus its duty factor, 1.e.

10

15

20

25

30

35

40

45

50

55

60

65

Vour 1 1
1 - I.SW/T

This relationship for a boost or synchronous boost con-
verter 1s 1llustrated by curve 18 1n FIG. 2A also 1n graph 15.
Notice that boost converter 10 cannot smoothly reach a unity
transier characteristic without exhibiting some discontinuity
at the lower extreme of D. This phenomenon occurs due to
switching delays 1n the power MOSFET 12 and 1ts control
and gate drive circuitry.

As long as power MOSFET 12 of boost converter 10 1s still
switching, t_  1s limited to some portion of the clock period T,
e.g. 5%<D<93%, essentially due to turn-on and turn-off delay
within MOSFET 12 and its control loop. For example at a 5%
duty factor and a 3 MHz clock frequency, the off time for
MOSFET 12 1s only 5% of the 333 nsec period, or just 16
nsec. This means that MOSFET 12 must turn on and back off
in only 16 nsec—too rapidly to regulate below a 5% output-
to-imnput conversion ratio. The minimum on time problem
impacts both synchronous and non-synchronous boost con-
verters.

Referring again to graph 15 1n FIG. 2A, below some mini-
mum duty factor D_ . . there 1s not adequate time to maintain
switching operation and converter 10 must jump from D, . to
0% duty factor, as shown by discontinuity 20. Below D__ |
converter 10 turns on the synchronous rectifier MOSFET 14
and leaves 1t on for the entire period T. The abrupt transition
20 causes a glitch 1n the output voltage of boost converter 10.
Moreover, at a 100% duty factor, V_,_=V. . as shown by line
16, all regulation 1s lost as long as the switching 1s halted.

So 1 both synchronous Buck converter 1 and synchronous
boost converter 10, operating near a unity transfer character-
istic, 1.e. when V__~V . _shown by line 16, 1s problematic.

OLEL IFi?

The efliciency n of a voltage converter can be given by

}LHF
Pin
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I, V;
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An analysis of inductive switching converter efficiencies 1s
provided in the above-referenced application Ser. No. 11/890,
818.

Graph 25 of FIG. 2B illustrates examples of typical con-
version elliciencies for synchronous Buck and synchronous
boost converters as a function of the converter’s voltage con-
version ratio V_ /V_ . As shown, line 26 1llustrates the unity
conversion condition, whereV_ =V . . Conversion ratios less

QT

than unity, on the left side of line 26, represent step-down
conversion. Efficiency curve 27 represents an example of a
Buck converter performing step-down voltage conversion.
Conversion ratios greater than unity, on the right side of line
26, represent step-up conversion. Elliciency curve 28 repre-
sents an example of a boost converter performing step-up
voltage conversion.

In general, boost converters exhibit lower etficiencies than
Buck converters for comparable load currents, as 1llustrated
by curves 27 and 28, primarily due to the fact that boost
converters exhibit higher peak currents than Buck converters.
This problem 1s further accentuated for high V__/V. voltage
conversion ratios, especially for output voltages approaching
ten times the iput voltage, as illustrated by the decline of
curve 28 with increasing conversion ratios.

Furthermore, 1n graph 23, efficiency curve 27 for Buck

converters 1s not shown for conversion ratios below 0.1 and
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above 0.9 and likewise efficiency curve 29 for boost convert-
ers 1s not shown for conversion ratios below 1.1 and above 10,
because 1t requires operation at a duty factor of below 10% or

above 90%, an operating condition difficult to achieve, espe-
cially at high switching frequencies.

Buck-Boost Switching Converter (Prior Art)

The problem of non-1solated DC/DC switching converter
operation near unity transier 1s especially difficult in applica-
tions when the mnput voltage may vary above or below the
desired output voltage. Examples of this application include
the output of noisy AC adapters or in circuitry which must
operate as a battery back-up during emergency conditions
when a main source of power has failed.

Another scenario where a unity conversion ratio 1s required
occurs when a battery’s operating voltage range extends
above and below the desired output voltage.

For example, the discharge of a Lilon battery starts at 4.2V
at tull charge, iitially decays rapidly to around 3.6V, then
decays slowly from 3.6V to 3.4V, and finally drops quickly to
its cutodl at or below 3V. In the event that a DC/DC converter
1s needed to produce a well-regulated 3.3V output during this
entire discharge period, a sub-unity conversion ratio of (3.3V/
4.2V), 1.e. a ratio of 0.79, 1s needed at the outset, indicating
that a Buck converter 1s requ1red At the battery’s end-of-life,

the conversion ratio exceeds unity, becoming 3.3V/3V, 1.e. a
conversion ratio of 1.1, and this requires a boost converter to
provide the desired 3.3V output voltage. Such an application
demanding both step-up and step-down conversion requires a

Buck-boost, or up-down converter.

In the case where the user wants to avoid the complexities
of up-down conversion, one possible approach 1s to use only
a Buck converter and give up some battery life by cutting the
battery off early, e.g. at 3.3V. In practice, however, when
considering battery manufacturing variations and converter
drop-out and duty factor limitations, too much battery life 1s
sacrificed to rely on a Buck-only converter solution.

If up-down conversion cannot be avoided, one possible
solution involves Buck-boost conversion. A Buck-boost con-
verter can easily be dertved from combimng synchronous
Buck and boost converters into a merged circuit. In the circuit
diagram of FIG. 3A, for example, a Buck-boost converter 35
comprises a synchronous Buck converter, comprising a
P-channel or N-channel MOSFET 36, an inductor 38A, an
N-channel synchronous rectifier MOSFET 37, an intrinsic
rectifier diode 39, and a capacitor 44, 1s used to power a
synchronous boost converter, comprising a low-side N-chan-
nel MOSFET 40, an inductor 38B, a synchronous rectifier
MOSFET 41, an intrinsic rectifier diode 42, and a filter
capacitor 43. Cascade Buck-boost converter 35 first steps
down and regulates the input voltage to an intermediate volt-
age lower than the desired output voltage, and then steps this
intermediate voltage up to produce V__ .

Conversely, 1n FIG. 3B a synchronous boost-Buck con-
verter 45 comprises a boost converter, comprising a low-side
N-channel MOSFET 46, an inductor 47, an N-channel or
P-channel synchronous rectifier MOSFET 48A, an intrinsic
diode 49, and a capacitor 54, which 1s used to power a syn-
chronous Buck converter, comprising a MOSFET 48B, an
inductor 352, an N-channel synchronous rectifier MOSFET
50, an mtrinsic rectifier diode 51, and a filter capacitor 33, the
combined cascade boost-Buck converter collectively driving
a load (not shown). In this approach, the input voltage is first
stepped-up to an imntermediate voltage higher than the desired
output voltage, and then 1s stepped back down to produce
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The overall efficiency of either Buck-boost converter 35 or
boost-Buck converter 45 1s given by the product of the boost
converter’s efficiency 1, __ ., multiplied by the Buck convert-
er’s eificiency Nz, i mathematically as
N..coniNar Nooos Even 1 both converters are 85% effi-
cient, the combined cascade converter reaches only a roughly
70% overall efliciency, signmificantly lower than the efficiency
ol a Buck converter or a boost converter operated alone. The
overall loss 1n either a Buck-boost or boost-Buck cascade
converter 1s worse than the loss 1n either a synchronous Buck
converter or a synchronous boost converter, because there are
more transistors 1n series between the iput and output terma-
nals, and because all the transistors are switching all the time.

As shown, boost-Buck converter 45 of FIG. 3B includes
series-connected MOSFETs 48A and 48B with intermediate
capacitor 54. Since 1n steady-state operation, the current 1n
series-connected MOSFETs must be equal, MOSFET 48B 1s
redundant and can be eliminated without impacting circuit
operation. Even 1f this 1s done, boost-Buck converter 45
requires two inductors 47 and 52, a characteristic highly
undesirable from a user’s point-of-view.

Similarly, Buck-boost converter 35 of FIG. 3A includes
inductors 38 A and 38B with intermediate capacitor 44. Since
in steady state operation the current 1n inductors 38A and 38B
1s the same, inductor 38B i1s redundant and may be eliminated
without changing the function of the circuit. In fact, capacitor
44 may also be eliminated without significantly altering the
operation of Buck-boost converter 35.

The resulting Simpliﬁed Buck-boost converter 35, 1llus-
trated 1n FIG. 3C, comprises a single-inductor 39; four MOS-
FETs 57,56, 60, and 61; diodes 58 and 62 and ﬁlter capacitor
63. The PWM control circuitry and break-before-make and
gate buller circuits are not shown. Depending on 1ts terminal
conditions, such a converter can operate in three distinct
modes, Buck, boost, and Buck-boost.

In FIG. 3D, equivalent circuit diagram 65 represents the
operation ol Buck-boost converter 55 as a Buck converter,
where MOSFETs 57 and 56 are switched out-of-phase under
PWM control while MOSFET 61 remains tumed-on repre-
sented by resistor 67, and MOSFET 60 1s turned off, repre-
sented by open circuit 66. The overall power loss 1n Buck-
booster converter 55 1s greater than 1n a synchronous Buck
converter because it now includes the conduction loss 1n
MOSFET 61, 1.¢. power lost continuously in resistor 67. As a
result of this increased power loss, Buck-boost converter 35
operating 1n 1ts Buck mode has a lower efficiency than con-
ventional Buck converter 1 shown in FIG. 1A.

In FIG. 3E, equivalent circuit diagram 70 represents the
operation ol Buck-boost converter 55 as a boost converter,
where MOSFETs 60 and 61 are switched out-of-phase under
PWM control while MOSFET 57 remains tumed-on repre-
sented by resistor 71, and MOSFET 56 1s turned off, repre-
sented by open circuit 72. The overall power loss in Buck-
boost converter 1s greater than in a synchronous boost
converter because it now includes the conduction loss 1n
MOSFET 57, 1.e. power lost continuously in resistor 71. As a
result of this increased power loss, Buck-boost converter 55
operating 1n its boost mode has a lower efficiency than con-
ventional boost converter 10 shown in FIG. 1B.

The loss of efficiency using Buck-boost converter 55 1s
illustrated 1n FIG. 4 1n the plot of efficiency 1 for various
output-to-input voltage conversion ratios V_ _/V. . For con-
venience, the efficiency curves 27 and 28 from FIG. 2B for
conventional Buck and boost converters are repeated as
curves 81 and 82, respectively, in FIG. 4.

Curve 83 illustrates the efficiency of Buck-boost converter
53 operating in Buck-only mode, shown in equivalent circuit
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65. Because of the series resistance associated with on-state
MOSFET 61, the efficiency of Buck-boost converter 35 in the
Buck only mode 1s lower than that of the simple Buck con-
verter (curve 81). This loss of efficiency can range from a few
percent to over 10%, depending on operating conditions.
Curve 85 illustrates the efficiency of Buck-boost converter 535
operating in full Buck-boost mode where all four switches are
switching constantly. In this mode Buck-boost converter 55
exhibits even greater losses and poorer efficiency than Buck-
boost converter 55 operating in Buck mode (curve 83).

Curve 84 1llustrates the efficiency of Buck-boost converter
53 operating 1n boost-only mode, shown 1n equivalent circuit
70. Because of the series resistance associated with on-state
MOSFET 57, the efficiency of Buck-boost converter 35 1n the
boost-only mode 1s lower than that of a simple boost converter
(curve 82). This loss of efficiency can range from a few
percent to over 10%, depending on operating conditions.
Curve 86 illustrates the etfl

iciency of Buck-boost converter 55
operating in full Buck-boost mode, where all four MOSFETs
are switching constantly. In this mode, Buck-boost converter
55 exhibits even greater losses and poorer efficiency than
Buck-boost converter 55 operating 1n boost mode (curve 84).

Operating near unity conversion ratios, where the output
voltage 1s slightly above or below 1ts input voltage, 1.e. where
V__=~V. _ Buck-boost converter 35 must operate in the Buck-
boost mode, where all four MOSFETs are switching con-
stantly. The resulting efficiency (curve 87) canbe 10% to 20%
lower than the efficiency of conventional Buck and boost
converters (curves 81 and 82).

The efficiency penalty for a voltage converter to be able to
operate over a wide range of Vcltagc conversion ratios using
the prior-art Buck-boost converter 1s substantial. Moreover,
the converter must change 1ts operating mode whenever oper-
ating near unity voltage conversion ratios.

Charge Pump Converters

An alternative to the switched-inductor converter i1s a
charge pump, a voltage conversion circuit using only
switches and capacitors to perform voltage translation
through repeated charge redistribution, 1.e. the continuous
charging and discharging of a capacitor network driven by a
clock or oscillator.

The advantage of a charge pump 1s that at specific voltage
conversion ratios, 1t can exhibit extremely high conversion
elficiencies approaching 100%. The disadvantage 1s that 1t
can only efficiently generate voltages that are exact integer
multiples of the number of flying capacitors used 1n 1ts con-
verter circuit. Voltages other than select multiples exhibit low
elficiencies.

A common charge pump 90 1s illustrated 1n F1G. 5A where
a single capacitor 93 1s employed as a “doubler”, 1.e. to double
the mput voltage. Charge pump 90 comprises four MOS-
FETs, 92,91, 94 and 95, configured 1n a manner similar to an
H-bridge except that one terminal, the source of MOSFET 95
1s connected to the output terminal and reservoir capacitor 96
rather than to ground.

Operation of charge pump 90 involves repeatedly charging
and discharging flying capacitor 93. During the charging
phase, diagonal MOSFETs 94 and 91 are closed, charging
capacitor 93 to the voltage V., while MOSFETs 92 and 95
remain open. Therealter, 1in the charge transfer phase, MOS-
FETs 94 and 91 are opened, MOSFETs 92 and 95 are closed,
and energy 1s transferred from the flying capacitor 93 to the
output reservoir capacitor 96, pumping the output voltage
V ., to a value twice the battery voltage or 2-V,

The purpose of the MOSFET switch network 1s essentially
to place the flying capacitor in parallel with the battery during,

10

15

20

25

30

35

40

45

50

55

60

65

8

the charging phase and i series, 1.e. stacked on top of the
battery’s positive terminal, during the charge transier phase,
as 1llustrated by equivalent circuit 100 in FIG. 5B. In FIG. 5B,
a voltage source 101 represents the battery input and a capaci-
tor 102 charged to V,__. represents flying capacitor 93. By
stacking the voltages across voltage source 101 and capacitor
102 atop one another, the output voltage of the charge pump
1s the sum of the voltages, hence doubling the voltage input.
The cycle then repeats with another charging phase.

FIG. 3C 1llustrates a charge pump 110 utilizing two flying
capacitors 114 and 115 and a network of seven MOSFETs
111, 112, 113, 116, 117, 118 and 119. The purpose of the
MOSFET switching network is to charge capacitors 114 and
115 1n series, thereby charging each capacitor to one-half the

battery voltage, 1.e. V, /2. During the charging of capacitors
114 and 115, MOSFETs 111, 112 and 113 are on and MOS-

FETs 116,117,118 and 119 are off. After the charging phase,
the charged capacitors 114 and 1135 are connected in parallel,
and connected to the positive terminal of the battery. This
connection 1s accomplished by turning on MOSFETSs 116,
117, 118 and 119 and turning oiff MOSFETs 111, 112 and
113. The resulting output voltage, shown 1n equivalent circuit
121 of FIG. 5D, 1s equal to V, _+V, /2 or 1.5V, . a
illustrated by battery voltage source 124 and the parallcl
combination of capacitors 122 and 123 stacked atop one
another. Because the output voltage 1s equal to 1.5 times the
input voltage, this charge pump 1s sometimes referred to as a
“fractional” charge pump.

Actually, many different charge pump topologies are pos-
sible, but most use only one or two flying capacitors. A single
flying capacitor charge pump is capable of efficiently deliv-
ering power at an output voltage equal to twice 1ts 1mput
voltage, or alternatively, 1 during the charge transfer phase
the capacitor 1s connected to the negative terminal of the
battery an output voltage that 1s a mirror-image negative
voltage of the battery, 1.e. -V, __. In the latter configuration
the charge pump 1s also known as an 1nverter. The mnverter
case 1s illustrated 1n equivalent circuit 130 of FIG. SE, where
the battery, represented by a voltage source 131, 1s used to
charge a capacitor 132, and then, during the charge transfer
phase, the positive terminal of capacitor 132 1s connected to
ground, 1.¢. the negative terminal of battery 131. Two-capaci-
tor, fractional charge pumps may also be used to produce an
output voltage equal to one-half the input voltage, as shown 1n
equivalent circuit 135 of FIG. 5F where each of capacitors
137 and 138 are mitially charged to one-half of the voltage
B, .. provided by voltage source 136 are then referenced to
the negative battery potential (ground) to provide a positive
potential equal to +0.5V, . as shown, or alternatively to
provide a negative, inverted potential equal to 0.5V, __. (not
shown).

One problem with charge pump converters is they operate
eificiently only at conversion ratios equal to integral multiples
of the number of flying capacitors; in other words, they are not
true voltage converters. Specifically, 1f a desired load voltage
V_ 15 below the voltage V ., that the capacitor network
produces, the converter cannot adapt. To obtain a voltage-
differential between the charge pump’s output voltage V
and the output voltage of the converter V. requires a resistor
or current source to support the voltage mismatch, and the
voltage across that lossy element results 1 lost power and
reduced efficiency. An analysis of charge pump elliciencies 1s
described 1n application Ser. No. 11/890,941, titled “High-
Efficiency DC/DC Voltage Converter Including Capacitive
Switching Pre-Converter And Up Inductive Switching Post-
Regulator,” filed contemporaneously herewith and incorpo-
rated herein by reference.
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The elliciency of single-mode charge pumps 1s 1llustrated
in graph 150 of FIG. 6A for charge pumps having various
multipliers, including a doubler (curve 151), an inverter
(curve 152), and fractional charge pumps (curves 153, 154
and 155). Curve 156 represents a direct battery connection,
identical to a linear converter’s maximum theoretical eifi-
ciency, 1.e. assuming no quiescent operating current. In each
case, as the mput to output ratio approaches an integer mul-
tiple of £%4V, ., the efliciency increases. The charge pump 1s
not capable of delivering an output voltage above that voltage,
and to obtain a higher output voltage a charge pump having a
different voltage multiplier, 1.e. a different operating mode,
must be employed.

Each curve shown 1n graph 150 represents a specific charge
pump circuit, e.g. including those shown previously 1n FIGS.
5A-5F. Unless a load operates at an exact half-volt integral
multiple of the input voltage, however, the efficiency of the
charge pump converter using one or two capacitors will sui-
ter. This behavior 1s especially problematic for battery pow-
ered products where the battery voltage changes markedly as
the cell discharges. In the case of Lilon batteries, for example,
the voltage can decay more than 1V during discharge, repre-
senting a 25% change. Therefore, even 11 the peak efficiency
may be high at one specific operating condition and battery
voltage, the overall efficiency of the converter averaged over
the battery discharge curve 1s poor. Weighted average effi-
ciencies can be lower than 60% using a single-mode charge
pump.

One way to improve the average elliciency of a charge
pump voltage converter 1s to switch modes between 1X, 1.5X
and 2X automatically within one circuit. This feature 1s par-
ticularly useful to supply a fixed voltage over a wide input
range. The elliciency of a mode-changing charge pump 1s
illustrated 1 FIG. 6B, where as the battery decays the tri-
mode converter circuit switches from 1X-battery-direct mode
having an efficiency shown by curve 163, to a 1.5X-frac-
tional-mode with efficiency shown by curve 162, and again to
2X-doubler-mode having an efficiency shown by curve 161.
By switching modes 1n this zigzag pattern, the etficiency of
the charge pump converter 1s improved because the output 1s
not pumped to an excessively high value compared to the

load.

Unfortunately, conditions still exist where the efficiency
suifers substantially. The mode transitions exhibit dramatic
shifts 1n efficiency (curve 163) at a conversion ratio of one,
and again for curve 162 at a 1.5X conversation ratio. The
mode transitions may also result 1n sudden current and volt-
age discontinuities, or produce instability or noise. To deter-
mine what conversion ratio i1s required, graph 160 also
includes curves 166, 165, and 164 relating the required 1input
voltage range (right hand axis) and conversion ratios to pro-
duce an output voltage of 3V, 3.5V and 4V, respectively.

.

Specifically, the charge pump converter in 1.5X mode does
not perform well at conditions slightly above a unity conver-
s10n ratio, unfortunately manifesting even lower efliciencies
than the above-mentioned 1inductive Buck-boost converter.

Dropout 1n Prior Art converters

Whenever the mput voltage and the output voltage of a
voltage converter approach one another within the range of
several hundred milli-volts, e.g. V_ _=V. £200 mV, the qual-
ity of the converter’s regulating ability sutlers. Loss of regu-
lation quality may be manifest 1n several ways, either by a
one-time or repeated glitch or discontinuity in output voltage,
by 1ncreased ripple, or by complete loss of regulation within

some narrow voltage band. The phenomenon of degraded
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regulation whenever V_ . approaches V_ 1s referred to as
“dropout”, meaning the converter drops out of regulation.

The Buck converter of FIG. 1A and the boost converter of
FIG. 1B both momentarily lose regulation as their switching
duty factor jumps from D___or D, . to 100% and they lose
regulation completely while D=100%, since the mput 1s
essentially resistively connected to the output during the

dropout condition.

FIIIF?

While a Buck-boost converter does not exhibit permanent
dropout, it can easily suffer a voltage glitch during mode
transitions, whenever the converter switches 1ts Buck mode to
1ts Buck-boost mode, or from 1ts Buck-boost mode to its boost
mode. Mode transitions occur whenever the converter
changes from a circuit having two power devices switching
into one where four devices are switching, or vice versa.

To avoid the mode switching transition problem, a Buck-
boost converter can be run continuously in Buck-boost mode
with all four power devices switching continuously, but as
shown 1 FIG. 4, 1ts efficiency 1s then degraded under all
input-output conditions and conversion ratios.

As stated above, a charge pump 1s incapable of regulating
voltage without the use of a series-connected linear converter
to provide the regulation function. Unfortunately, it 1s a well
known phenomenon that all linear converters exhibit loss of
regulation, 1.e. dropout, whenever AV across their input and
output terminals becomes too small. In essence, dropout
occurs 1 a linear converter because the loop gain of the
amplifier performing regulation drops precipitously as its
transistor pass element changes from acting as a current
source to acting as a variable resistor. It the pass element 1s a
bipolar transistor, the loss of gain occurs at small values of
V -~z as the device transitions from its active operating region
into saturation. In many bipolar linear converters, this drop-
out condition occurs at more than 400 mV.

In so-called “low dropout™ linear converters or “LLDOs”, a
MOSFET capable of operating as a current source at a lower
AV 1s substituted for the bipolar pass element, but the linear
converter still drops out at 200 to 300 mV as the power
MOSFET pass element transitions from 1ts saturation, 1.e.

constant current, region into 1ts linear, 1.e. resistive, region of
operation.

In conclusion, prior-art non-1solated high-efficiency con-
verters exhibit dropout at voltage conversion ratios approach-
ing unity. Mode switching, loss of regulation and dropout can
be avoided only by sacrificing efficiency. Isolated converters
such as flyback and forward converters are able to operate at
high efliciencies near unity conversion without the need
switching modes, but their use of physically-large tapped
inductors, coupled inductors, and transformers precludes
their application in most portable products.

Summary ol Prior-Art Down-Up Converters

In conclusion, no existing charge pump converter, Buck-
boost switching converter or other inductive switching con-
verter 1s able to both step-up and step-down DC voltages
cificiently, especially for conversion ratios near unity where
V. =~V_ . What 1s needed 1s an up-down converter that 1s
elficient over a wide range of input and output voltages, and
that does not need to change 1ts operating mode as 1t operates
near a unity voltage conversion ratio, 1.e. when V__~V
Furthermore, the converter should be free from dropout prob-

171"
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lems, maintaining high-quality regulation even while biased
with an output voltage within 200 mV of 1ts input, 1.e. within

the range V__ =V £200 mV,

QL

SUMMARY OF THE INVENTION

A DC/DC voltage converter according to this invention
includes a pre-converter and a post-regulator. The pre-con-
verter includes a switched capacitive circuit: and a post-regu-
lator includes a switched inductive circuit. An output terminal
of the pre-converter 1s coupled to an input terminal of the
post-regulator. An input terminal of the pre-converter com-
prises an iput terminal of the DC/DC voltage converter, and
an output terminal of the post-regulator comprises an output
terminal of the DC/DC voltage converter. In many embodi-
ments the pre-converter includes a charge pump and the post-
regulator includes a Buck converter.

Within this broad structure, many variations are possible
within the scope of the invention. In one group of embodi-
ments, the pre-converter includes a voltage-reducing frac-
tional charge pump and the post-regulator includes a Buck
converter. In another group of embodiments, the pre-con-
verter includes a voltage-increasing charge pump and the
post-regulator includes a Buck converter. In another group of
embodiments, the pre-converter includes a voltage-inverting
charge pump and the post-regulator includes a Buck con-
verter.

DC/DC converters according to this invention are capable
of operating over a wide range of voltage conversion ratios
ranging from step-up to step-down conversion without the
need for mode switching. Free from mode switching and
dropout problems whenV__ ~V_ _the converter does not suf-
ter from noise glitches, poor regulation, and instability, even
near unity input-to-output voltage conversion ratios. While
the converter includes switched inductor operation, 1t avoids
the minimum pulse width problem plaguing conventional
switching converters at very high and very low duty factors,
including converter dropout, narrow pulses and associated
high-current spikes, variable frequency operation, inadequate
time to perform break-before-make transitions. In contrast,
prior-art non-1solated DC/DC converters suffer from one or
more of the atorementioned problems at extreme duty factors,
and their use near unity voltage conversion ratios remains
problematic.

The method and apparatus of this invention can be used in
applications requiring up-down conversion, and avoid the
problems of existing Buck-boost and flyback converters.
While preferred embodiments of this invention specifically
address the implementation of up-down converters, variants
include improved down-only converters and DC/DC invert-
ers capable of producing negative, 1.¢. below ground, supply

voltages.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a circuit diagram of a conventional syn-
chronous Buck converter.

FIG. 1B shows a circuit diagram of a conventional syn-
chronous boost converter

FIG. 2A 1s a graph of voltage conversion ratio versus duty
factor for conventional Buck and boost converters.

FIG. 2B 1s a graph of efficiency versus voltage conversion
ratio for conventional Buck and boost converters.

FIG. 3A 1s a circuit diagram of a cascaded Buck-boost
converter.

FIG. 3B 1s a circuit diagram of a cascaded boost-Buck
converter.
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FIG. 3C 1s a circuit diagram of a Buck boost converter.

FIG. 3D 1s an equivalent circuit diagram of a Buck-boost
converter 1n Buck-only mode.

FIG. 3E 1s an equivalent circuit diagram of a Buck-boost
converter 1n boost-only mode.

FI1G. 415 a graph of efficiency versus the voltage conversion
ratio for a Buck converter, a boost converter, and Buck-boost
converter.

FIG. SA 1s a circuit diagram of a 2X doubler circuait.

FIG. 5B i1s an equivalent circuit diagram of the doubler
circuit during discharge.

FIG. 5C 1s a circuit diagram of a 1.5X fractional circuit.

FIG. 5D 1s an equivalent circuit diagram of the 1.5X circuit
during discharge.

FIG. SE 1s an equivalent circuit diagram of a —X inverter
circuit during discharge.

FIG. 5F 1s an equivalent circuit diagram of a 0.5X circuit
during discharge.

FIG. 6 A 1s a graph of efficiency versus voltage conversion
ratio for single-mode charge pumps.

FIG. 6B 1s a graph of elliciency versus voltage conversion
ratio for a tri-mode charge pump.

FIG. 7 1s a graph of voltage conversion ratio versus input
voltage for various output voltages 1n a DC/DC converter.

FIG. 8 1s a generalized schematic circuit diagram of a
switched CLXD converter according to the invention.

FIG. 9 15 a circuit diagram of a behavioral model of the
switched CLXD converter.

FIG. 10 1s a functional circuit diagram of a CLDD con-
verter having a 0.5X pre-converter.

FIG. 11A 1s a functional circuit diagram of a CLUD con-
verter having a 2X pre-converter.

FIG. 11B 1s a functional circuit diagram of a CLUD con-
verter having a 1.5X pre-converter.

FIG. 12A 1s a graph of transier characteristics of a 2X-type
CLUD converter over an 1mnput voltage in the range of 2V to
SV.

FIG. 12B 1s a graph of the transfer characteristics of a
2X-type CLUD converter supplied by a 1-cell Lilon battery as
a function of time.

FIG. 12C 1s a graph of the transfer characteristics of a
1.5X-type CLUD converter supplied by a 1-cell Lilon battery
as a function of time.

FIG. 12D 1s a graph of the transfer characteristics of a
1.5X-type CLUD converter over an input voltage in the range
of 2V to 5V.

FIG.12E1sagraph ofV_ _/V . as a function of duty factor
for 2X and 1.5X converters.

FIG. 13A 1s a circuit diagram of a 2X CLUD converter.

FIG. 13B 1s a circuit diagram of a simplified 2X CLUD
converter.

FIG. 13C 1s an equivalent circuit diagram of the 2X CLUD
converter during the charging and recirculation phase.

FIG. 13D 1s an equivalent circuit diagram of the 2X CLUD
converter during the transfer and magnetizing phase.

FIG. 14 A 1s a circuit diagram of a 1.5X CLUD converter.

FIG. 14B 1s a circuit diagram of a simplified 1.5X CLUD
converter.

FIG. 14C 1s an equvalent circuit diagram of the 1.5X
CLUD converter during the charging and recirculation phase.

FIG. 14D 1s an equivalent circuit diagram of the 1.5X
CLUD converter during the transier and magnetizing phase.

FIG. 15 15 a functional circuit diagram of a CLDD con-
verter having a 0.5X pre-converter.

FIG. 16 A 1s a graph of the transfer characteristics of a
switched 0.5X-type CLDD converter over an input voltage in

the range of 2V to 5V.
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FIG. 16B 1s a graph of the transfer characteristics of a
switched 0.5X-type CLDD converter supplied by a 1-cell
Lilon battery as a function of time.

FIG.16C 1sa graphofV_ _/V. as afunction of duty factor
tor the 0.5X-type CLDD converter.

FIG. 17A 1s a circuit diagram of a 0.5X CLDD converter.

FIG. 17B 1s a circuit diagram of a simplified 0.5X CLDD
converter.

FIG. 17C 1s an equivalent circuit diagram of the 0.5X
CLDD converter during the charging and recirculation phase.

FIG. 17D 1s an equivalent circuit diagram of the 0.5X
CLDD converter during the transier and magnetizing phase.

FIG. 18A 1s a functional circuit diagram of a CLID con-
verter having a —1X pre-converter.

FIG. 18B 1s a functional circuit diagram of a CLID con-
verter having a —0.5X pre-converter.

FIG. 19A 1s a graph of the transier characteristics of a
switched —1X-type CLID converter over an input voltage in
the range of 2V to 5V.

FIG. 19B 1s a graph of the transier characteristics of a
switched —1X-type CLID converter supplied by a 1-cell Lilon
battery as a function of time.

FIG. 19C 1s a graph of the transfer characteristics of a
switched -0.5X-type CLID converter over an input voltage in
the range of 2V to 5V.

FIG. 19D 1s a graph of the transier characteristics of a
switched -0.5X-type CLID converter supplied by a 1-cell
Lilon battery as a function of time.

FIG.19E 1sagraph ot V__/V . as a function of duty factor
tor CLID converters having-1X-type and -0.5-type pre-con-
verters.

FIG. 20A 1s a circuit diagram of a —1X CLID converter.

FIG. 20B 1s a circuit diagram of a simplified -1X CLID
converter.

FI1G. 20C 1s an equivalent circuit diagram of the —1X CLID
converter during the charging and recirculation phase.

FI1G. 20D 1s an equivalent circuit diagram of the -1X CLID
converter during the transfer and magnetizing phase.

FIG. 21A 1s a circuit diagram of a -0.5X CLID converter.

FIG. 21B 1s an equivalent circuit diagram of the —-0.5X
CLID converter during the charging and recirculation phase.

FIG. 21C 1s an equivalent circuit diagram of the —-0.5X
CLID converter during the transfer and magnetizing phase.

DESCRIPTION OF THE INVENTION

FIG. 7 graphically illustrates the requisite voltage conver-
sionratioV,_ _/V. ofaDC/DC converter operating at a variety
of voltage outputs and for inputs ranging from 1.8V to 6.6V.
Curve 181 1illustrates that for a 4.5V to 3.5V mput range,
regulating a 5V output to £1% accuracy requires operation
above and below a unity conversion ratio, meaning an up-
down regulating converter 1s required to hold a tighter toler-
ance than the £5% or £10% accuracy commonly guaranteed
by conventional AC/DC wall adapters.

Up-down conversion 1s also required when using a lithium
ion battery to produce a voltage intermediate to its wide
Voltage range. As examples, curves 182, 183, 184 1n FIG. 7
illustrate outputs at 4V, 3.6V, and 3.3V respectively. Since
these load voltages fall within the Lilon battery’s normal
discharge voltage range of 4.2V to 3V, the converter must
regulate 1n step-down mode, with a voltage conversion ratio
below unity at the beginning of the cell’s discharge cycle, and
in step-up mode, with a conversion ratio above unity later as
the cell voltage decays.

Curve 185 1illustrates a 3V output which theoretically
should require only step-down conversion, but because of the
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above-mentioned problem of dropout, a Lilon battery supply-
ing a 3V output must cut off above 3.2V, thereby wasting
usetul battery life. New generation Lilon cells under devel-
opment may allow operation down to 2.7V, requiring the need
to utilize up-down conversion for 2.7 V outputs, as shown by
curve 186. At a 2.5V battery condition, dropout 1ssues may
also require the use of an up-down converter even to supply a
regulated 2.5V output, as shown by curve 187. If, however,
up-down conversion results 1n a loss of efficiency exceeding
the extra operating time gained by the extended battery range,
then the user lifetime benefit of using a battery capable of
lower voltage operation 1s lost entirely.

Similarly, dropout concerns make 1t difficult to guarantee a
1.8V regulated output shown by curve 188 from 2-cell-con-
nected nickel-metal-hydride or nickel-cadmium, 1.e. NiMH
or N1Cd, batteries since those their outputs range from 2.4V
down to 1.8V. Stopping usage at a 2V battery condition unac-
ceptably wastes more than half the battery’s charge life.

Another situation needing an efficient low-dropout up-
down converter 1s the use of power supplies designed to work
off two N1iMH dry-cells, two alkaline cells, or a single cell
Lilon battery. Since the output voltage of 2-series-cell N1IMH
battery packs ranges from 1.8V to 2.4V, the output voltage of
2-series-cell alkaline batteries ranges from 1.8V up to 3.4V
during charging, and the output of a single-cell Lilon battery
ranges from 4.2V down to 3V or even 2.7V, then any output
between 4.2V and 1.8V needs an up-down converter to maxi-
mize elficiency and battery life, as shown by curves 182

through 188.

If we also consider that some systems allow the DC output
from the AC/DC wall adapter to be connected without a
battery present, the mput voltage supplied to a system’s
DC/DC converter input can be considerably higher than 1f the
battery were present, and may reach as high as 6.5V, When the
battery 1s present and the charger disconnected, the input
voltage may be as low as 1.8V. In such cases, every output
curve ranging from curve 181 to curve 188, 1.¢. from 5V down
to a 1.8V output, requires an up-down converter.

Today, most electrical loads are supplied by an up-only or
down-only converter, requiring the battery to be cut ofl pre-
maturely to avoid the need for up-down conversion, even at
the expense of wasting usable stored charge in the battery.
Up-down conversion 1s typically avoided at all costs except in
extreme situations. With the poor efficiency, mode switching,
noise glitches, regulation dropout, and poor regulation
offered by existing up-down converters, be they DC/DC con-
verters, charge pumps, or linear converters; a widespread
requirement up-down conversion and regulation 1s extremely
problematic. Present up-down converters cannot meet the
needs of today’s efficiency-focused consumer marketplace.

A New DC/DC Converter Topology

This mvention provides a new non-isolated DC/DC con-
verter and voltage regulation topology capable of operating
over a wide range of voltage conversion ratios ranging from
step-up to step-down conversion, without the need for mode
switching. Free from mode switching and dropout problems
when V__~V_ = the converter does not suffer from noise
glitches, poor regulation, and instability, even near unity
input-to-output voltage conversion ratios. While the con-
verter 1mcludes switched inductor operation, 1t avoids the
minimum pulse width problem plaguing conventional
switching converters at very high and very low duty factors,
including converter dropout, narrow pulses and associated
high-current spikes, variable frequency operation, inadequate
time to perform break-before-make switching, and more. In

contrast, prior-art non-isolated DC/DC converters suifer one
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or more of these problems at extreme duty factors, and their
use near unity voltage conversion ratios remains problematic.

The method and apparatus of this invention can be used in
applications requiring up-down conversion and avoids the
problems of existing Buck-boost and flyback converters.
While preferred embodiments of this invention specifically
address the implementation of up-down converters, variants
include improved down-only regulating converters and
DC/DC verters capable of producing negative, 1.e. below
ground, supply voltages.

Collectively, the new DC/DC converters described herein
comprise three new converter topologies and variants thereof,
referred to herein by acronym as

CLUD—switched capacitor-inductor up-down converter

CLDD—switched capacitor-inductor down-down con-
verter

CLID—switched capacitor-inductor 1mverting-down con-
verter (1nverter)

Specifically, this invention focuses on switched capacitor-
inductor regulating converters comprising a switched-capaci-
tor step-up, step-down, or inverting pre-converter feeding an
inductively implemented step-down post-regulator. As a mat-
ter of nomenclature, the first C 1n the acronym represents the
capacitive energy storage element in the pre-converter and the
L represents the energy storage element, 1.¢. the coil or induc-

tor, 1 the converter’s second, or post-regulator, stage.

The third character in the converter’s name, either: D, U or
I, describes whether the pre-converter 1s stepping the input or
battery voltage down or up or inverting the mput voltage,
respectively, before supplying it to the post regulator. The last
character D describes the post-regulator as a step-down con-
verter, meaning the magnitude of the voltage 1s decreased
without changing 1ts polarity. For example, “down” for a
positive voltage means providing a smaller positive voltage,
while “down” for a negative voltage, the output of an mvert-
Ing pre-converter, means providing a negative voltage having
a smaller absolute value, 1.e. one closer to zero.

These topologies, described by the acronyms CLUD,
CLDD, and CLID, vary in their utility for differing applica-
tions, and as such this new switched capacitor-inductor fam-
ily of DC/DC converter topologies can be collectively
described as CLXD converters, the X referring to a variable U
tor up, D for down, and I for iverting, respectively.

The above-referenced application Ser. No. 11/890,941
describes other switched inductor-capacitor converters coms-
prising switched capacitor step-down, step-up, or inverting,
pre-conversion followed by a switched inductive step-up type
post-regulator, and 1s herein incorporated by reference. Col-
lectively these CLXU type regulating converters include the
following;:

CLDU—switched capacitor-inductor up-down converter

CLUU—switched capacitor-inductor up-up converter

CLIU—switched capacitor-inductor inverting-up con-
verter (1nverter)

CLII—switched capacitor-inductor 1nverting-inverting,
converter

The above-referenced application Ser. No. 11/890,818 and
application Ser. No. 11/890,956, titled “High-Eiliciency
DC/DC Voltage Converter Including Up Inductive Switching
Pre-Regulator And Capacitive Switching Post-Converter,”
filed contemporaneously herewith and incorporated herein by
reference, describe other switched inductor-capacitor con-
verters designated LCXX, where pre-regulation 1s achieved
by a switched inductor method and where post-conversion 1s
accomplished by a switched capacitor stage.

10

15

20

25

30

35

40

45

50

55

60

65

16

Switched Capacitor-Inductor (CLXD) Converters

FIG. 8 illustrates a switched CLXD regulating converter
200 comprising a switched-capacitor pre-converter 252 with
a conversion ratio n supplying a voltage V  to a post-regulator
254 comprising a step-down-type switched inductor voltage
converter, where the output voltage 1s further used as feed-
back to control the operating condition and output of the
post-regulator. The output voltage V , of pre-converter 252
thereby follows the mput at an nX multiple for optimum
eificiency while the post-regulator dynamically adjusts the
output voltage to produce a well-regulated output at a desired
voltage V__ .

In converter 200, a charge pump 201 1n pre-converter 252
scales the mput voltage V, . by a factor “n” to produce
intermediate voltage V. Charge-pump 201, including a
capacitor 202 and optionally a capacitor 203 or more, com-
prises a switched-capacitor network producing a variety of
multipliers, including doubling, inverting, fractional, or frac-
tional-inverting. The intermediate node biased at the voltage
V,, the input to the step-down switched inductor post-regu-
lator 254, may also 1include a filter capacitor 204 and option-
ally a diode with a grounded anode (not shown).

Within converter 200, switched-inductor post-regulator

254 comprises a PWM controller 212, a break-before-make
(BBM) gate butifer 211, a high-side power MOSFET 205, a
low-side synchronous rectifier N-channel power MOSFET
206 with an intrinsic PN diode 207, and an inductor 208.
High-side MOSFET 205 may be either an N- or a P-channel
MOSFET with appropriate adjustments 1n gate drive voltage
wavelorms coming from BBM buffer 211. Filter capacitor
209 15 connected across the output terminal of converter 200
to 1nsure stability, reduce nipple, and improve transient
response. In this embodiment of the invention, the step-up
switched-inductor post-regulator 254 1s topologically config-
ured as a synchronous Buck converter, although any step-
down switched inductor DC/DC converter may be used. For
example, MOSFET 206 may be eliminated and diode 207
may be replaced by a Schottky rectifier to implement a con-
ventional Buck converter in lieu of the synchronous Buck
converter shown, or a coupled or tapped inductor may be used
to implement a flyback or forward converter.

PWM controller 212 controls the on-time of high-side
MOSFET 2035 by varying a duty factor D in response to
teedback voltage V .. at the input terminal of PWM control-
ler 212, operating at a fixed frequency ¢ as determined by a
ramp generator clock 214. Alternatively, PWM controller 212
may operate at a variable frequency to produce either a fixed
or variable on-time for high-side MOSFET 205.

Whenever high-side MOSFET 2035 1s on, current tlows
from the output terminal of pre-converter 2352 through induc-
tor 208. Inductor 208 1s thereby magnetized, storing energy in
the amount equal to ¥2L1* and resisting any rapid changes in
current. At the switching frequency ¢, the current 1n inductor
208 cannot react to the rapid switching of MOSFET 205, so
that inductor 208 behaves as a nearly lossless current source,
whose average current changes slowly, over many clock
cycles in response to the pulse widths, as modulated by PWM
controller 212.

Whenever high-side MOSFET 205 1s not conducting,
inductor 208 drives the voltage V_ below ground, forward
biasing diode 207 and allowing current in inductor 208 to flow
unminterruptedly, 1.e. to recirculate. With MOSFETs 205 and
206 oft, the power dissipated in diode 207 1s I;-V , where V
1s the forward voltage across P-N junction diode 207. Low-
side rectifier MOSFET 206 conducts all or some portion of
the time when high-side MOSFET 205 1s off, shunting diode

207 and redirecting the recirculation current through the
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channel of low-side MOSFET 206. Since MOSFET 206 only
conducts when rectifier diode 207 1s conducting, 1t operates as
a “synchronous” rectifier, even 1f MOSFET 205 conducts
occurs only during a portion of the time when diode 207
conducts. During conduction, the voltage drop across the
synchronous rectifier MOSFET 206 1s given by I,-R,,.(on)
and its instantaneous power dissipation is I, >R, (on).

Break-before make buffer 211 1insures that low-side
N-channel power MOSFET 206 and high-side power MOS-
FET 205 never conduct simultaneously to prevent shoot-
through conduction, shorting out the load. Shoot-through
conduction, the crow barring of the mput voltage from over-
lapping conduction, 1s an undesirable condition leading to
wasted power, loss 1n elliciency, and potentially resulting in
MOSFET device damage. While BBM 1ntervals must be sui-
ficiently long to prevent shoot-through, excessively long
BBM intervals are, however, also undesirable since they force
diode 207 to carry current for longer times and to dissipate
more power.

Except for the BBM period, synchronous rectifier MOS-
FET 206 1deally should be turned on and conducting when-
ever high-side MOSFET 205 1s off. In some circumstances,
however, 1t may be advantageous to turn off the synchronous
rectifier MOSFET 206 prematurely or not to turn 1t on at all.
For example, at very low output currents, unwanted oscilla-
tions and reverse current flow may occur if MOSFET 206 1s
left on for an extended duration. Shutting MOSFET 206 off
disables channel conduction, and diode 207, under a reverse
bias condition, prevents reverse current conduction, 1mprov-
ing the light load efficiency of converter 200.

Alternatively, as described 1n application Ser. No. 11/890,
947, titled “Low-Noise DC/DC Converter With Controlled
Diode Conduction,” filed contemporaneously herewith and
incorporated herein by reference, synchronous rectifier
MOSFET 206 may remain on, but controlled 1n a manner to
limit the magnitude of its drain current when it 1s not being
operated as a fully-on device. Alternating MOSFET 206
between a resistive switch state and a low-current constant-
current mode reduces the electrical noise in converter 200.

Examining converter 200 1n greater detail, charge pump
201 converts the mput voltage V,,_ .. to an intermediate node
voltage V_=n'V, using a switched capacitor network with
flying capacitor 202 and optionally a second flying capacitor
203. The conversion ratio nX of charge pump 201 may be
step-up, step down, or iverting.

In the event that pre-converter 252 1s a step-up converter,
¢.g., a doubler or dual-capacitor fractional version where n=2
orn=1.5, DC-DC converter 200 operates as a CLUD up-down
converter, which may step-up or step-down the input voltage.
In this conﬁguration converter 200 can also regulate at unity
voltage conversion ratios, 1.e. where V__=~V_ .

Step-down conversion in pre-converter 252, using a frac-
tional charge pump 201 where, for example, n=0.3, results in
a CLDD converter. CLDD converters can achieve high step-
down conversion ratios while maintaining a duty factor much
closer to 50% than simple inductive boost converters.

Inverting pre-conversion may utilize a single capacitor cir-
cuit where n=-1 or utilize two capacitors when n=-0.5 to
produce a negative voltage. Connecting the output of an
inverting pre-converter to the input of a post-regulator com-
prising a non-nverting inductive Buck converter, results 1n an
output voltage that 1s smaller, 1.e. less negative, than the
intermediate voltage Vy. Accordingly, such an inverter is
referred to as a CLID converter since the “D” refers to “down”
meaning smaller 1n absolute magnitude, not more negative. A
CLID converter can only deliver a negative, 1.e. below
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ground, output voltage. With a step-down post-regulator, a
CLID converter cannot produce a positive voltage.

Referring again to FIG. 8, the output of converter 200,
filtered by reservoir capacitor 209, supplies a load 210 with a
regulated voltage V. In a preferred embodiment, the output
voltage V_ _ 1s used to provide a feedback voltage V.. to

PWM controller 212, which 1s converted by level-shifter 213

to the voltage V.. , the control signal delivered to PWM
circut 212. As shown below, the value of V, output by the
pre-converter 252 1s selt biasing and allows charge pump 201
to operate at 1ts maximum elificiency point. The negative
teedback loop facilitates tight voltage regulation 1n post con-

verter 254 without significantly affecting the overall effi-
ciency of CLXD converter 200.

In a preferred embodiment, the output voltage of level-
shafter 213 1sV__ , 1.e. the feedback should force the value of
V_ _ to the target value of V_ . In the case of CLUD and
CLDD converters, level-shifter 213 may comprise a network
of two resistors acting as a voltage divider to match the
feedback to the converter’s internal voltage reference but
need not account for the factor n from the pre-converter. In
inverting converters, the feedback must be mverted, 1.e. ret-
erenced to the converter’s ground pin.

Another feature of CLXD converter 200 1s the use of oscil-
lator 214 to control the switching of MOSFET's 205 and 206
in post-regulator 254 as well as the MOSFET's (not shown) 1n
pre-converter 252. By synchronizing post-regulator 254 and
pre-converter 252 1n thus way, the size of mtermediate filter
capacitor 204 can be greatly reduced or, in some cases, elimi-
nated altogether.

Behavioral Model of CLXD Converters

To better understand the operation of CLXD converter 200,
behavioral model 250 of FIG. 9 can be used for control
analysis and for estimating efliciency. As shown, charge
pump pre-converter 252 1s powered from input voltage V.,
producing an intermediate voltage V,, which in turn powers
switched inductor step down post-regulator 254.

The conversion ratio of pre-converter 252 1s given by

Vy:n-ﬂn
or expressed as a voltage conversion ratio V,/V, for pre-
converter 252, the ratio equals

Theoretically, since charge pumps are not voltage convert-
ers, the output voltage V,, of pre-converter 252, can be
adversely “loaded” by whatever 1t 1s driving. Loading means
its output is forced to another voltage V_ dissimilar from V_ by
an amount AV, represented by lossy element 253. Because
voltage V,, 1s not normally supplying current to any load
except post-regulator 254, post-regulator 234 cannot force 1ts
input V_to be substantially different than V.80 that AV=0 and
V., =V..

In the CLXD topology, post-regulator 254 operates as a
step-down or Buck converter, given by the relation

%

oLt

=D-V~D-V,

where D 1s the duty cycle of the high-side MOSFET 205,
ranging between 0% and 100% and with an output similar to
curve 18 of FIG. 2A.
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Combining the two equations gives us the important relation-
ship

V. HFD.P;:H.D.VE?QII

L

The voltage conversion ratio of the CLXU 1s therefore
given by

From this relation, we can make the important observation
for the CLXD converter that the converter’s output-to-input
rat1o 1s the multiplicative product of 1ts pre-regulator’s ratio

n” and the post-regulator’s duty-factor dependent voltage
factor D. In essence, to properly regulate an output voltage,
the duty factor D, the conversion ratio n, or both must be
varied dynamically to compensate for changes in input volt-
age.

While post-regulator 254 of CLXD converter 200 can only
step-down 1ts mput to a lower voltage, operating in tandem
with charge pump pre-converter 252, the combined converter

can either step-up, step-down, or even regulate at unity volt-
age conversion ratios.

Specifically if n>1, the pre-converter steps up, the post
converter steps down and the combination forms an up-down
CLUD converter. With a single-capacitor voltage doubler
charge pump this relation 1s then given by

VDHI‘

-=2.D
Vin

and with a two-capacitor fractional charge pump this relation
1s g1ven by

Circuit diagram 300, shown 1n FIG. 10, represents a func-
tional diagram of a CLXD down-down converter comprising,
a 0.5X step-down charge-pump pre-converter 301 followed
by an switched imnductor Buck converter as a post regulator.

If n<<1, the converter operates only as step-down CLDD
converter, but it can achieve high step-down conversion ratios
at moderate duty factors. A functional description of a dual-
flying capacitor CLDD converter 1s 1llustrated in FIG. 15. The
voltage conversion ratio of the CLDD converter can be
described by the relation

VGHI
=05-D
V

in

If n 1s negative and the post converter 1s non-inverting, the
resulting CLID converter 1s mverting and supplies a wide
range ol negative voltages. Inverting CLID converters are
illustrated 1n FIGS. 18A and 18B. For single-capacitor

charge-pump implementations such CLIU inverters are
described by
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Using dual-capacitor fractional inverting charge-pumps.,
such CLID inverters are described by

Ot

= —0.5D

In such cases, the boost converter post-regulator decreases
the magnitude of the voltage without changing 1ts polarity, 1.¢.
the term “down” refers to making a negative voltage smaller.

CLUD Up-Down Converter Operation

FIGS. 11 A and 11B are functional diagrams of two types of
CLUD up-down converters. In FIG. 11A, a converter 270
comprises a 2X step-up charge-pump 271 as a pre-converter
with flying a capacitor 272, along with an inductor 277, a
high-side MOSFET 274, a low-side N-channel synchronous
rectifier MOSFET 275 w1th an intrinsic P-N diode 276, an
optional capacitor 273 and an output filter capacitor 278.
Capacitor 273 may range 1n size, depending on the circuit
implementation of charge pump 271, and 1n some cases can
be eliminated.

Similarly, 1n FIG. 11B, a converter 290 comprises a 1.5X
step-up charge-pump 291 as pre-converter with flying capaci-
tors 292 and 293, along with an inductor 298, a high-side
MOSFET 293, a low-side N-channel synchronous rectifier
MOSFET 296 with an intrinsic P-N diode 297, an optional
capacitor 294 and an output filter capacitor 299. Capacitor
294 may range 1n size depending of circuit implementation of
charge pump 191 and 1n some cases can be eliminated.

FIGS. 12A-12E 1llustrate various electrical characteristics
of a CLUD converter. Specifically, FIG. 12A 1llustrates the
transier characteristics 310 of a CLDU 3.3V converter over an
input voltage range of 2V to 5V, including the operating range
of a single-cell lithtum 10n battery. The notation “1s Lilon™
refers to a single series-connected cell comprising lithium 1on
clectrochemaistry.

As shown, the unregulated battery or input voltage, shown
by curve 311, ranging 2V to 5V, is stepped-up by the 2X
capacitive pre-converter to a high intermediate voltage V_,
having a wider range of 4V to 10V, illustrated by curve 312
The slope of curve 312 1s therefore double that of curve 311.
The intermediate voltage V, (curve 312) 1s then stepped down
by the inductive Buck post-regulator by a factor D, using a
varying duty factor to produce a constant output voltage V__ .
illustrated by curve 313. Feedback of the output voltage 1s
employed to adjust the duty factor D to maintain a constant
output voltage, 1n this case at 3.3V.

When V, _=3.3V, the input and output voltages are equal,
and the converter 1s regulating at a unity conversion ratio.
When curve 311 1s above curve 313, 1.e. to the right of the
cross-over point of curves 311 and 313, the converter 1s pro-
viding step-down conversion. When curve 311 1s below curve
313, the output voltage 1s greater than the mnput voltage, and
the converter 1s acting as a step-up converter. The converter’s
circuit operation remains the same throughout all conditions
shown, even at the cross-over point.

The CLUD converter’s operation can also be represented

as a function of the time during which the 1s Lilon battery 1s
discharging. As described 1n graph 320 1n FIG. 11B, a fully
charged 1s Lilon battery exhibits a voltage V, .. around 4.2V
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at the onset of discharging, illustrated by curve segment 321,
which settles to a voltage of approximately 3.5V before
remaining relatively constant for an extended duration, as
revealed by curve segment 322. Later, curve 323 illustrates
that the battery voltage decays below 3.5V ito a range
between curves 325 and 326, a condition where a normal
3.3V converter would suifer dropout or mode-switching
problems.

Asthe cell approaches full discharge 1n curve segment 323,
its voltage drops rapidly to 2.7V, below which i1t must be cut
off to avoid over-discharge-induced cell damage. Only spe-
cialized Lilon batteries can operate down to 2.7V without
growing crystallites that short out the cell.

During the Lilon battery discharge, the output voltage V_ ot
the 2X switched-capacitor pre-converter tracks discharge
characteristic of the battery voltage, as illustrated by curve
324 at a level double the battery input voltage. The inductive
Buck post-regulator steps this time-varying intermediate
voltage down by a factor D,. The combined etfect of the
two-stage conversion produces a constant CLUD output volt-
age V_ _having a value 1n this case of 3.3V, as 1llustrated by
curve 325. Alternatively, at a different time-varying duty fac-
tor D,, the intermediate voltage V , can be stepped down to a
different regulated voltage, e.g., 3.0V, as shown by curve 326.

The output voltage of the CLUD converter can be any
voltage less than the lowest value of V| (curve 324), namely
5.4V. Such an output voltage may be greater than, less than or
within the range of the battery mnput voltage. For example, the
output voltage 3.3V, represented by curve 325, is 1nside the
Lilon battery’s voltage range of 4.2V to 2.7V.

Regardless of the voltage of the Lilon cell, the 2X CLUD
converter doubles the battery voltage, using its 2X charge-
pump pre-converter, to a varying voltage V represented by
curve 324. This voltage 1s then reduced by a duty-factor-
dependent Buck converter by a time varying factor D to
produce a constant regulated output voltage shown by curves
325 and 326. The converter’s condition can be described as
shown below 1n Table 1:

TABLE 1
VGH

Phase Up/Down Vg, . nX V, D V,_. V.
321. Full charge Down 42V 2X 84V 36% 3V 0.71
Decay Down 3.6V 2X 7.2V 42% 3V  0.83
322. Plateau Down 3.5V 2X 70V 43% 3V  0.86
Discharge V,,,, = Unity 30V 2X 60V 50% 3V 1.00
Vaur

323. Extend Up 27V 2X 54V 56% 3V 1.1
Range

Using feedback, the duty factor self-adjusts to maintain the
proper output voltage and regulation, whereby

D — VG"L{I‘

VDH !

V,  n Vi

VDHI‘

- 2 Vbarr

In contrast to conventional Buck-boost converters, a

CLUD converter does not need to change 1ts operating mode
as the battery voltage (curve 323) falls below the output
voltage (curve 325), 1.e. when V_ =V __=~3.3V. The CLUD

oui
converter therefore remains stable with no dropout and deg-
radation 1n the quality of regulation.

Using a doubler pre-converter in a LCUD converter like
that of converter 270 1n FI1G. 1A to regulate a 1s Lilon battery,

the peak voltage of mtermediate voltage V, 1s over 8V,
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exceeding the maximum operating voltage of many submi-
cron integrated circuit technologies, especially half micron
CMOS. One way to limit the peak voltage 1s to employ a 1.5X
fractional pre-converter similar to charge pump 291 1n con-
verter 290 of F1G. 1B. As shown in graph 340 of FIG. 12C, the
peak output voltage of the 1.5X pre-converter 1s limited to 1.5
times 4.2V, or 6.3V, within the voltage capability of hali-
micron CMOS technology.

As shown in FI1G. 12C, the 1s Lilon battery voltage (curve
341) 1s stepped up by 1.5X to produce a time-varying voltage
V., (curve 342). This voltage 1s then stepped down by a factor
D1 to produce a 3.3V output, shown by curve 343, or alter-
natively to produce a 3.0V output, shown by curve 344. One
common product that uses a single cell Lilon battery and
requires a 3.3V regulated supply 1s the cell phone. Unlike a
3V output, which requires a converter supplied by a 1s Lilon
cell to operate mostly 1n step-down mode, a 3.3V output
requires operation closer to unity conversion and exhibits an
extended duration 1n 1ts step-up mode, as shown in Table 2.

TABLE 2

Vaut/
Phase Up/Down V., nX v, D V.., V.
Full charge Down 42V 153X 63V  52% 33V 0.9
Decay Down 3.6V 153X 534V  61% 33V 092
Plateau Down 35V 15X 3525V 63% 33V 094
Vign=V o, Unity 33V 153X 30V 67% 33V 1.00
Discharged Unity 30V 153X 45V 73% 33V 1.10
Extend Range Up 27V 153X 41V  74% 33V 1.22

Despite operating within a range of approximately £20%
of 1ts unity conversion ratio, the 2X CLUD converter exhibits
duty factors in the narrow range of 36% to 56%, which
cnables it to utilize PWM control circuitry that 1s more easily
implemented than converters operating at extreme duty fac-
tors, especially at high-switching frequencies. In contrast, the
1.5X CLUD converter exhibits slightly higher duty factors 1n

the range from 52% to 74%, but limits the maximum V |
voltage to 6.3V rather than 8.4V.

Graph 360 i1n FIG. 12D 1illustrates the voltage transfer
characteristics of the 1.5X-type CLUD converter where input
voltage ranging from 2V to 3V (curve 361) 1s stepped up by
1.5X to produce an intermediate voltage V, (curve 362) and
then stepped down by a factor D to produce a constant output
voltage (curve 363), 1n this case 2.7V, but alternatively 3.0V
to 3.3V,

Present day converters are not able to operate with high
eiliciencies over the entire voltage range of a battery. Handset
designers today must employ step-down-only Buck convert-
ers that cut off at a voltage around 3.5V, thereby forfeiting the
battery in the final discharge phase and a portion of voltage-
plateau-phase, because the added use-life of these later
phases of discharge 1s balanced by the efficiency loss of a
conventional Buck-boost converter. The LCUD converter 1s

equally usable for one and two dry cell applications with
iputs of 0.9V up to 2.4V.

As previously derived, the conversion ratio of a nX CLDU
converter 1s given by
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having a corresponding duty factor D given by

D — VGE{I‘ _ VDHI

V,  n Vi

In graph 380 of F1G. 12E, the duty factor dependence of the
voltage conversion ratio for 1.5X and 2X LCUD converters 1s
illustrated by curves 385 and 384 respectively, and compared
to the Buck converter’s characteristic shown by curve 381.

While the Buck converter (curve 381) operates below a
unity voltage conversion ratio (1llustrated by dashed line 386)
at any and all values of duty factor D, either the 1.5X orthe 2X
CLUD converter 1s able to operate above and below the unity
conversion condition. The output voltage V , of the pre-con-
verter (1llustrated by curve 382 for a 2X charge pump and by
curve 383 for a 1.5X charge pump) i1llustrates that the opera-
tion of the pre-converter operation does not depend on duty
factor of the post-regulator.

As shown, a unity conversion ratio occurs in the 2X CLUD
converter when the duty factor D=50%. At the same duty
factor, the Buck converter exhibits a conversion ratio of 0.5.
At high duty factors, where the Buck converter only
approaches the unity conversion ratio, the 2X-type CLUD
converter 1s able to provide an output voltage roughly equal to
twice the iput voltage.

CLUD Converter Implementation

2X-Type CLUD Implementation: FIG. 13A illustrates a
circuit diagram of a 2X CLDU converter 400. As shown, the
switched capacitor pre-converter 400 A comprises MOSFETSs
401, 402, 403, and 404 with a flying capacitor 4035. The
MOSFETSs are controlled by a break-before-make (BBM)
butiler (not shown) to alternatively charge and discharge tly-
ing capacitor 405. The intermediate output voltage V, charges
capacitor 405 and powers the input to the inductive post
regulator 4008, where MOSFET's 407 and 408, using PWM
control, continuously adjust the current flowing in inductor
410 1 response to feedback of the output voltage as filtered
by a reservoir capacitor 411.

In converter 400, the charge pump pre-converter 400A and
the inductive post-regulator 400B share no components and
may operate independently. Accordingly MOSFETs 401
through 404 can switch at a frequency different from MOS-
FETs 407 and 408. In such asynchronous operation, capacitor
406 stores energy output from charge pump pre-converter
400A and supplies 1t to the mnput of the Buck post-regulator
400B, and capacitor must have suificient capacitance to sup-
ply all current transients as demanded. While the two clocks
controlling pre-converter 400A and post-regulator 4008,
respectively, may “free run” and thereby vary in frequency,
unsynchronized operation can lead to excessive switching,
noise 1n the system.

In a preferred embodiment of a multi-frequency 1mple-
mentation of the CLUD converter 400, pre-converter 400A
and post converter 400B switch at different frequencies but
are synchronized either by a phase-locked-loop, also known
as a PLL, or by using a common clock multiplied-up or
divided-down to generate the two dissimilar clock signals.
Ideally the clock waveform for the imnductive post-regulator
400B comprises a ramp generator to produce a square, tri-
angle, or saw-tooth ramp wave. The gate drive for charge
pump MOSFETs 401 through 404 may, however, be a square
wave signal generated by feeding the output of the ramp
generator into a comparator. Alternatively, one or more of the

MOSFETs 401 through 404 1n the charge pump pre-converter
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400A may be used to limit the inrush current to charge pump
pre-converter 400A during the charging or discharging of its
flying capacitor 405.

If, 1n contrast, the charge pump pre-converter 400A and
inductive post-regulator 4008 are switched 1n phase and at
the same frequency then the size of the intermediate capacitor
between the two stages can be greatly diminished or even
eliminated. Under such circumstances, since MOSFET 404
in pre-converter 400A and MOSFET 407 1n post-regulator
400B are wired 1n series and switch in unison, they are redun-
dant and one of these MOSFETs may be eliminated.

This simplification for synchronous operation of the
charge pump pre-converter and inductive post-regulator 1s
illustrated 2X-type LCUD converter 420 of FIG. 13B, where
MOSFET 424 serves as both the output transistor for the
charge pump pre-converter 420A and as the input device for
the inductive post-regulator 420B. This modification reduces
series resistance, conduction and switching losses in the
LCUD converter and may also save die area. The intervening
capacitor 1s also eliminated since flying capacitor 433 acts as
the mput filter for post-regulator 420B whenever MOSFET
424 1s on and conducting.

As shown, the switched capacitor pre-converter 420A of
converter 420 comprises MOSFETs 421, 422, 423, and 424
with a flying capacitor 433. MOSFETs 421 through 424 are
controlled by a break-betore-make (BBM) butfer 429 to alter-
natively charge and discharge flying capacitor 433. The cur-
rent flowing through inductor 427 1s dynamically adjusted by
the duty factor of high-side MOSFET 424, with a PWM
controller 430 responding to changes 1n the output voltage of
converter 420. Feedback signal V .5 1s adjusted 1n voltage and
polarity by a level shift circuit 432 to control PWM circuit

430.

When high-side MOSFET 424 1s conducting, the voltages
V_and Vy' are both approximately equal to {2V, _-1,-R,.}.
During this time, imnductor 427 1s magnetized, 1.e. stores
energy, while delivering current to the output and simulta-

neously transferring energy and charging output capacitor

428. When MOSFET 424 i1s turned off, the voltage V_ flies
below ground, forwarding biasing diode 426 and recirculat-
ing current.

During some portion of the time while diode 426 1s for-
ward-biased, synchronous rectifier MOSFET 425 1s turned-

on, diverting the current from diode 426. Break-before-make
butiler 429 drives the gates of MOSFETs 424 and 425 out of
phase, msuring that flying capacitor 433 1s not shorted to
ground by simultaneous conduction through MOSFETs 424
and 425. Clock pulse generator 431 synchronizes the switch-
ing of the MOSFETs in pre-converter 420 A and post-regula-
tor 4208, while PWM controller 430 determines the pulse
width, 1.e. on-time, of all MOSFETSs 1n response to changes in
the output voltage and feedback signal V...

Notice that 1in converter 420, the intermediate capacitor
connected between the charge pump pre-converter 420A and
the inductive post-regulator 420B has been eliminated; there
1s no equivalent to capacitor 406 of converter 400 1n converter
420. Therefore, a steady intermediate voltage V,, does not
exist 1n converter 420. The node voltage V.| emulates the
behavior of intermediate voltage V. during the time when
MOSFET 424 conducts and inductor 427 1s being magne-
tized. During that portion of the converter’s half-cycle, volt-
age V' has a potential equal to approximately twice the
battery input voltage. During the other half-cycle, while fly-
ing capacitor 433 1s being charged, however, V! 1s pulled to
V, . by conducting MOSFET 424 and no longer behaves as
a semi-constant voltage source or power supply. So Vy' acts as
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a “virtual” constant voltage source whenever 1t 1s powering
the post-regulator 4208, hence the prime notation “"’.

In an alternative embodlment synchronous rectlﬁer MOS-
FET 425 may be eliminated and recirculation current carried
entirely by diode 426, which preferably should comprise a
Schottky metal-semiconductor diode rather than a P-N junc-
tion diode. Schottky diodes are preferred because they exhibit
lower forward voltage drops than P-N junction diodes. In yet
another embodiment, a Schottky diode can be placed 1n par-
allel with MOSFET 425 and intrinsic P-N diode 426.

The operation of CLUD converter 420 1s 1illustrated in
FIGS. 13C and 13D. In circuit 440 of FIG. 13C, flying capaci-
tor 433 1s charged through conducting MOSFETs 423 and
422, while MOSFETs 421 and 424 remain oif. Flying capaci-

tor 433 1s then charged to the full battery input voltage, 1.¢. to
v

batt

During this cycle synchronous rectifier MOSFET 425 1s
conducting inductor recirculation current I,, thereby moving
energy from inductor 427 to output capacitor 428 and a load
(not shown). This phase of operation can be referred to as the
“charging and recirculation phase”, 1.e. the charging of the
flying capacitor and the maintaining of the output voltage
through inductor recirculation. During the charging and recir-
culation phase, MOSFET 424 1s turned oif and output capaci-
tor C, . supplies the necessary load current I, to the electri-
cal load. Specifically, during this phase the energy 1n inductor
427 1s used to replenish output capacitor 428 as it 1s being
discharged by the load. Current recirculation includes MOS-
FET 425, diode 426 and filter capacitor 428. The Voltage
across capacitor 428 begins to sag during this cycle and 1s
replenished during the subsequent transier phase shown in
FIG. 13D.

FIG. 13D represents the transfer phase, during which
energy 1s transierred from flying capacitor 433 1n pre-con-
verter 420A to inductor 427 1n post-regulator 4208. This
transier 1s achieved by turming off MOSFETs 422, 423, and
425, and turning on MOSFETs 421 and 424, thereby connect-
ing flying capacitor 433 1n series with inductor 427 and mag-
netizing, i.e. storing energy (I°L) in inductor 427. Simulta-
neous to magnetizing the inductor, the current charges
capacitor 428 to a voltage D-V _, 1.e., the voltage on the tlying
capacitor (2-V, ) times the duty factor D of MOSFET 424.

The two phases alternate to keep inductor 427 magnetized
and flying capacitor 433 and output capacitor 428 charged.
The entire system 1s efficient because once the voltage builds
up on flying capacitor 433 and output capacitor 428 during
start-up, steady state operation must only replenish enough
charge to compensate for the small shifts in voltage resulting
from voltage sagging across capacitors 433 and 428 while
they are discharging.

1.5X-Type CLUD Implementation: In another embodi-
ment of this invention, FIG. 14 A 1llustrates a circuit diagram
of a 1.5X-type CLUD converter 460. Using a fractional
charge pump rather than a doubler, the switched capacitor

pre-converter 460A comprises two tlying capacitors 468 and
469 driven by seven MOSFETs 461,462, 463, 464, 4635, 466,

and 467. The MOSFFETs are controlled by a break-belore-
make (BBM) butier (not shown) to alternatively charge and
discharge flying capacitors 468 and 469. The intermediate
output voltage V,, charges capacitor 475 and powers the
inductive post regulator 4608, where MOSFETs 470 and
471, using PWM control, continuously adjust the current
flowing 1n inductor 473 1n response to feedback of the output
voltage as filtered by reservoir capacitor 474.

In converter 460, the charge pump pre-converter 460 A and
the inductive post-regulator 4608 share no components and
may operate independently. Accordingly MOSFETs 470
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through 471 can switch at a frequency different than MOS-
FETs 461 through 467. In such asynchronous operation,
capacitor 473 stores energy output from pre-converter 460A
and supplies 1t to the mput of the Buck post-regulator 460B.
Capacitor 475 and must have suilicient capacitance to supply
all currents transients as demanded. While the two clocks
controlling pre-converter 460A and post-regulator 4608,
respectively, may “free run” and thereby vary i frequency,
unsynchronized operation can lead to excessive switching
noise 1n the system.

In a preferred embodiment of a multi-frequency 1mple-
mentation of 1.5X CLUD converter 460, pre-converter 460 A
and post converter 460B switch at different frequencies but
are synchronized either by a phase-locked-loop, also known
as a PLL, or by using a common clock multiplied-up or
divided-down to generate the two dissimilar clock signals.
Ideally, the clock wavelorm for the inductive post-regulator
460B comprises a ramp generator to produce a square, tri-
angle, or saw-tooth ramp wave. The gate drive for the MOS-
FETSs 1n pre-converter 460A may, however, be a square wave
signal generated by feeding the output of the ramp generator
into a comparator. Alternatively, one or more of the MOS-
FETs 1n charge pump pre-converter 460A may be used to
limit the 1nrush current to the charge pump during the charg-
ing or discharging of flying capacitors 468 and 469.

I1, 1n contrast, charge pump pre-converter 460A and induc-
tive postregulator 460B are switched 1n phase and at the same
frequency, the size of the intermediate capacitor 475 between
the two stages can be greatly diminished or even eliminated.
Under such circumstances, since each of MOSFETSs 466 and
467 1n the charge pump pre-converter 460A 1s connected 1n
series with MOSFET 470 1n post-regulator 4608, and MOS-
FETs 466, 467 and 470 are switching on and off together at
the same frequency, MOSFET 467 may be eliminated.

The resulting 1.5X-type LCUD converter 480 1s illustrated
in FIG. 14B, where MOSFETs 486 and 487 serve both as
output transistors for charge pump pre-converter 480A and as
input devices for inductive post-regulator 480B. This modi-
fication reduces series resistance, conduction and switching
losses 1n LCUD converter 480 and also saves die area. The
intervening capacitor 1s also eliminated since tlying capaci-
tors 488 and 489 act 1n parallel as an mput filter for post-
regulator 480B whenever MOSFETs 486 and 487 are on and
conducting.

As shown, the fractional switched capacitor pre-converter
480A of simplified converter 480 comprises seven MOSFETs
481, 482, 483, 484, 485, 486 and 487 with tflying capacitors
488 and 489. The MOSFFETs are controlled by a break-be-
fore-make (BBM) butier 492 to alternatively charge and dis-
charge flying capacﬂors 488 and 489. The current flowing
through inductor 490 i1s dynamically adjusted by the duty
factor of MOSFETs 486 and 487, with a PWM controller 493
responding to changes in the output voltage of converter 480.
The teedback signal V . 1s adjusted 1n voltage by level shitt
circuit 494 to control PWM circuit 493.

When high-side MOSFETs 486 and 487 are conducting,
the voltage V__ is biased at V_'approximately equal to {2V~
I,-¥5R .} during which time inductor 490 is magnetized, i.e.
stores energy while delivering current to the output and
simultaneously transferring energy and charging output
capacitor 491. When MOSFETs 486 and 487 are turned off,
the voltage V, tlies below ground, forwarding-biasing diode
489 and recirculating current. The synchromized conduction
of MOSFETs 486 and 487 not only performs the function of
controlling the output current of 1.5X charge pump pre-con-
verter 480A, but performs the function of the input MOS-
FETs for the inductive Buck post converter 4808, thereby
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climinating the need for one high-current low-resistance
MOSFET, saving die area and improving efficiency.

Some portion of the time while diode 489 1s forward
biased, synchronous rectifier MOSFET 488 1s turned on,
diverting current from diode 489. Break-before-make buifer
492 drives MOSFETs 488 out of phase with MOSFETs 486
and 487, insuring that flying capacitors 488 and 489 are not
shorted to ground by simultaneous conduction of MOSFET's
486, 487, and 488. Clock pulse generator 495 synchronizes
the switching of boost post-regulator 480B and charge pump
pre-converter 480A, while PWM controller 493 determines
the pulse width, 1.e. on-time, of all MOSFETSs in response to
changes 1n the output voltage and feedback signal V ..

Notice that in converter 480 the intermediate capacitor
connected between charge pump pre-converter 480A and
inductive post-regulator 480B has been eliminated, 1.e., there
in no equivalent to capacitor 475 of converter 460 1n simpli-
fied converter 480. Therefore, a steady intermediate voltage
V,, does not exist i converter 480. The node voltages V|
emulate the behavior of intermediate voltage V,, during the
time when MOSFETs 486 and 487 conduct and inductor 490
1s being magnetized. During that portion of the half-cycle of
converter 480, voltage V' has a potential equal to approxi-
mately 1.5 times the battery mput voltage. During the other
half-cycle, each of series-connected capacitors 488 and 489 1s
charged to a voltage o'V, __/2 through conducting MOSFETs
481, 482 and 483 and no longer behaves as a semi-constant
voltage source or power supply. So V' acts as a “virtual”
constant voltage source whenever 1t 1s powering post-regula-
tor 4808, hence the prime notation *“'”.

In an alternatwe embodiment, synchronous rectifier MOS-
FET 488 may be eliminated and recirculation current may be
carried entirely by diode 489, which preferably should com-
prise a Schottky metal- semlconductor dioderather thana P-N
junction. Schottky diodes are preferred because they exhibit
lower forward voltage drops than junction diodes. In yet
another embodiment, a Schottky diode 1s placed 1n parallel
with MOSFET 488 and intrinsic P-N diode 489.

The operation of the fractional CLUD converter 480 1s
illustrated 1 FIGS. 14C and 14D. In equivalent circuit dia-
gram 510 of FIG. 14C, capacitors 488 and 489 are charged
through conducting MOSFETs 481, 482 and 483 while
MOSFETs 484, 485, 486 and 487 remain off. Series-con-
nected flying capacitors 488 and 489 are then each charged to
the half the battery input voltage, 1.e.,to V,__/2.

During this phase, synchronous rectifier MOSFET 488 1s
conducting a recirculation current I, , thereby moving energy
from 1nductor 490 to output capacitor 491 and a load (not
shown). This phase can be referred to as the “charging and
recirculation phase”, 1.e. the charging of the flying capacitors
and the maintaining of the output voltage through current
recirculation through inductor 490. During this phase, MOS-
FETs 486 and 487 are turned oif and output capacitor C,,,
supplies the necessary load current I to the electrical load.
Specifically, during this phase the energy 1n inductor 490 1s
used to replenish output capacitor 491 as 1t 1s being dis-
charged by the load. Current recirculation includes MOSFET
488, diode 489 and output capacitor 491. The voltage across
capacitor 491 begins to sag during this phase and 1s replen-
ished during the subsequent transfer phase, shown in FIG.
14D.

FIG. 14D illustrates the transier phase, where energy 1s
transierred from flying capacitors 488 and 489 1n pre-con-
verter 480A to inductor 488 1n post-regulator 4808B. This
energy transier 1s achieved by shutting off MOSFETs 481,
482, and 483, and by turning on MOSFET's 484, 485, 486 and

487, thereby connecting flying capacitors 488 and 489 1n
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parallel, stacked atop the voltage V, . and in series with
inductor 490. This connection simultaneously magnetizes

inductor 490, i.e. storing energy I°L, and transfers charge
from flying capacitors 488 and 489 to output capacitor 491 at
a voltage DV, 1.e., the voltage on the tlying capacitors 488

and 489 (1.5- Vbﬂﬁ) tlmes the duty factor D of MOSFETs 486

and 487.

—

T'he two phases alternate to keep inductor 490 magnetized
and flying capacitors 488 and 489 and output capacitor 491
charged. The entire system 1s efficient because once the volt-
age builds up on flying capacitors 488 and 489 and output
capacitor 491 during start-up, steady state operation must
only replenish enough charge to compensate for the small

shifts in voltage resulting from voltage sagging across capaci-
tors 488, 489 and 491 while they are discharging.

CLXD Converter Efficiency

One unexpected aspect of a CLXD converter, and in fact
any CLXX class converter, 1s the relative independence of 1ts
overall efliciency m on mput and load conditions. This can
better be understood by referring to FIG. 9 where charge-
pump pre-converter 252 produces an intermediate voltage V|

that provides the input voltage to inductive post-regulator
254,

The lossy element 253 1s included 1n the behavioral model
to 1llustrate that because charge-pump pre-converter 2352 can-
not actually regulate voltage, any voltage mismatch AV
between the intermediate voltage V , and the desired interme-
diate voltage V_ needed to power post-regulator 254 will
result 1 a further loss of efficiency. In LC-class converters
like those described 1n the above-referenced application Ser.
Nos. 11/890,818 and 11/890,936, closed loop feedback
around the entire loop from the output terminal of the con-
verter to the input terminal of the PWM controller 1s benefi-
cial to counter any “loading” effects on the charge pump. But
in CL-class converters like converter 250, the output of
charge pump pre-converter 252 1s internal to the converter,
and unless the input to post converter 254 1s used to supply an
external load, then V, will naturally operate at the voltage V_,
the optimum efficiency condition.

Specifically, in CLXX-type converters such as converter
250, charge pump pre-converter 252 operates 1n an open-loop
manner to produce an output voltage V, that 1s some fixed
multiple “n” of the mnput voltage. For example, using one or
two flying capacitors, the multiplier will be an integral mul-
tiple o1 0.5V. As long as V_ can be maintained near the voltage
n-v,, 1.e. where V =V _, the efficiency of charge pump pre-
converter 252 Wlll remain high. Any devmtlon AV from this
optimum condition will resultin aloss of e 101ency in charge
pump pre-converter 252, where the mismatch 1s given by
AV=V_-V resulting ina loss that has the same mathematical
form AV/V _ as the losses 1n a linear converter, even though
lossy element 253 1s not really regulating voltage. Specifi-
cally, the loss of efficiency may be defined as

PfassE :Iy A V:Iy| ( P;_ I/;) |

The efliciency of element 253, 1s then given by

H Po Py=Puosa 1y Vy - LV, =V, V.
= — = = = —
Py Py ly-Vy Vy
and where V_ =V, 1.e. the maximum theoretical efficiency ot

the second element 1s 100%. From the converter transter
tunction V_=n-V, then
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In reality, however, the maximum efficiency of charge
pump pre-converter 252 1s not 100%. Charge pump pre-con-
verter 252 typically has a maximum efficiency in the range of
96% when delivering power to a load operating at a voltage
V_. Assuming that this efficiency remains relatively constant,
the conversion etficiency of the first two stages 1s given by

Vz HZ'VE_
Hecp =112 =12

When n=1, the charge pump 1s not actually stepping up
voltage and the efficiency equation defaults to that of linear
converter.

Referring again to converter 250 in FIG. 9, the overall
eificiency of the CLXD converter shown can be estimated as
the product of the aforementioned charge pump elificiency
M,'M, and the efficiency of the switched inductor post con-
verter 1s;.

For post-regulator 254, 1ts input power 1s gtven by P =1 -V _
while P, =I_ -V _ . The efficiency m, of post-regulator 254

QT QLT QL

can then be expressed as

PGH.T
P,

IDHI ) Vﬂ'm‘
[V,

13

Typical values range from 94% to 89% depending on oper-
ating conditions, power MOSFET resistance and operating
currents. Since the elliciency m, of post-regulator 254
depends on the voltage conversion ratio, and since the con-
version ratio depends on duty factor D, then 1t follows logi-
cally that the switching converter’s efficiency depends on
duty factor, 1.e. n,=1(D).

The overall efficiency of LCXX converter 250, then, 1s
given by the product of the efliciency of charge-pump pre-

converter 252 and the efficiency of imnductive post-regulator
254.

Vs Vs

n=ncp-1n3 =1 '??3V—y = 'T?3H_Vm

Since feedback within post-regulator 254 maintains the
targeted output voltage V. by adjusting its duty factor for a
wide range of intermediate voltages V_ then, unloaded,
V=V =0V, and the above equation simplifies to

NN cp M3~ 173

where 1, 1s a function of the duty factor D. Using a step-down,
Buck converter topology for the post-regulator 254, the volt-
age transfer tunction of CLXD converter 250 1s given by
Vo D'V =[nD]V, .

Switched CLXX-type and CLXD-type converters of this
invention can produce a well regulated output voltage with
elficiencies that are relatively mnsensitive to the V__/V. volt-
age conversion ratio. In the event that the charge-pump pre-
converter 1s a step-up Iractional charge pump, e.g. where

n=1.5 or 2, the resulting CLUD converter 1s able to operate in
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either step-up or step-down modes without exhibiting any
mode changes, narrow pulse, or dropout effects near unity
voltage conversion ratios, 1.e. whenV__~V_. . A CLUD con-
verter 1s able to operate over a range of output to input voltage
ratios far beyond those attainable by a Buck converter, boost
converter or charge pump. Assuming a practical limitation to
duty factors 1n the range between 10% and 90%, Table 3
compares the usable range of voltage conversion ratios of the
CLUD converter to those of a charge pump doubler, Buck

converter, and boost converter.

TABLE 3
Converter Range of Range of Unity Ratio
Topology V., ./ V. Efficiency Efficiency
2X Charge Pump  0.1to 2.0  Above 1.8 Poor, n < 50%
Boost Converter 1.1to 15 Good up to ~8-10 Dropout below 1.1
Buck Converter 0.1to 0.9 Good over range  Dropout above 0.9
2X CLUD 0.2to~1.8 Good over range Good,n > 92%
1.5X CLUD 0.15to~1.5 Good over range Good, n > 92%

Despite its high efficiency characteristic, a Buck converter
operating between a 10% and a 90% duty factor 1s only
capable of step-down conversion ratios, i.e. forV,_ ={0.1V
to 0.9V, } as shown by curve 471. Similarly, a boost converter
operating between a 10% and a 90% duty factor 1s only
capable of step-up conversion ratios, i.e. whereV__ ={1.1V__
to 8V, }. Furthermore 2X charge pump efliciency (curve 473)
1s high only for conversion ratios exceeding 1.8.

In contrast, the efliciency of a CLUD 1s high over a wide
range of voltage conversion ratios, i.e. where V,__ _={0.15V
to 1.8V, }. This result is unexpected considering the CLUD
converter combines elements of the charge pump and the
boost converter, yet regulates over a much wider range of
operating conditions than either of them.

Switched Capacitor-Inductor Down-Down (CLDD) Convert-
ers

The CLXD converter topology 1s also useful for step-down
voltage regulation. By utilizing a step-down charge-pump as
a pre-converter, step-down voltage conversion 1s performed
in two stages, or as a CLDD converter. Examining the imple-
mentation of the CL type down-down converters in greater
detail, FI1G. 15 illustrates the functional block representation
of a switched 0.5X-type LCDD regulating converter 550.
Converter 550 comprises a pre-converter 550A which
includes a fractional charge pump 551 with flying capacitors
5353 and 554 and a filter capacitor 552, where the output of
charge pump 551 supplies an intermediate voltage V. Inter-
mediate voltage V  1n turn powers a step-down switched-

inductor post-regulator 550B comprising an inductor 558, a

MOSFET 555, a low-side N-channel synchronous rectifier
MOSFFET 556 with an intrinsic rectifier diode 557 and an
output capacitor 559. SinceV, =0.5-V, andV_ =D-V  then

the voltage conversion ratio of 0.5X-type CLDD converter
550 1s g1iven by

VDH !

=n-D=05-D
Vbarr

An example of the voltage transfer characteristic of 0.5X
CLDD converter 550 1s shown on graph 570 of FIG. 16A for
an put ranging from 2V to 5V. As shown, the V,__. 1mput
(curve 571) 1s stepped down by a factor ot 2 to producea V,
intermediate voltage (curve 572) that changes 1in proportion to
the battery input. This voltage 1s then further reduced by a
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varying factor of D 1n the step-down type post-regulator S50B
to produce a constant output voltage 573, 1n this case 0.9V,
The step-down conversion ratio o1 0.5X CLDD converter 550
1s substantial even at moderate duty factor ratios. For example

at a 50% duty factor the step-down voltage conversion 1s a
factorof 4X,1.e. V_ _=25% of V

Another example of CLDD conversion 1s illustrated 1n
graph 590 of FIG. 16B where the discharge of a 1s Lilon
battery 1s stepped down and regulated to 0.9V. The Lilon

batt

Condition

D =90%

D =50%

D =10%

lim D — 0%

1 s Lilon—=09V
5V +£10%—=1.2V
3sLilon—=3.3V

1 sLilon—=1.2V
2sLilon—=1.2V
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any given conversion ratio, making it easier to implement
converters with high step-down conversion ratios. For
example, at a 50% duty factor, a 0.5X CLDD converter can
step down 1ts input voltage by a factor o1 4, a value double that
of a Buck converter. The relationship between duty factor and
conversion ratio for the 0.5X-type CLDD converter 1s 1llus-
trated by curve 623 in graph 620 of FIG. 16C and contrasted
with the conversion ratio of a conventional Buck converter
(curve 621) and a 0.5X charge pump (curve 622).

TABLE 4

2X CLUD 15X CLUD Buck 05X CLDD
V.V, =1.8 V.V, =135 V_J/V, =09 V., IV, =045
V.V, =1 V.V, =075 V. /V, =0.5 V.V, =025
V.V, =0.2 V.V, =015 V_JV, =0.1 V. V. =0.05
Vaut/vz'n =0 Vout/vin =0 Vc}ut/vz'n =0 Vout/vin =0
11% <D <17% 14% <D <22% 21% <D <33% 43% <D <67%
11% <D <13% 15% <D <18% 22% <D <27% 44% <D <53%
13% <D <20%  18% <D <27% 206% <D <41% 52% <D <82%
14% <D <22%  19% <D <30% 29% <D <44%  57% <D <88%
7%* <D <11% 10%<D<15% 14% <D <22% 29% <D <44%

12V £10%—=1.2V 5%* <D < 6%*

6%* <D < 7%*

9%* <D <11%

18% <D <22%

25

battery fully charged starts with a 4.2V condition (curve 591)
that decays over time to a plateau voltage (curve 392) of
approximately 3.5V and then eventually reached its dis-
charged condition of 2.7V in region of curve 593. The CLDD
converter’s fractional pre-converter produces a time varying 30
voltage V  equal to one-half ot'V, ., shown by V curve 594
ranging from 2.1V to 1.4V. V _ 1s then turther stepped down to
0.9V by an a varying amount D by the step-down post-regu-
lator to produce a constant 0.9V output (curve 5935).

For a given step down ratio, the duty factor D of the CLDD 35
converter 1s lower than a Buck or CLUD converter, making 1t
ideally suited for operating at low output-to-input voltage
conversion ratios. This feature 1s illustrated in graph 620 1n
FIG. 16C showing the voltage conversion ratio at various duty
factors. The graph compares the voltage conversion charac- 40
teristic of a 0.5X-type CLDD converter (curve 623) to that of
a conventional Buck converter (curve 623).

Neither the Buck converter nor 0.5X-type CLDD converter
operates above a unity conversion ratio, meaning both con-
verters are limited to step-down operation. At low duty fac- 45
tors, the conversion ratio of both the Buck converter and
CLDD converter asymptotically approaches zero. At a 50%
duty factor, the Buck converter has an output-to-input voltage
rat10 of one-half, while the 0.5X-type CLDD converter exhib-
its an input-to-output voltage ratio of one-quarter. From the 50
relationship

Vﬂﬂr
=n-D=05-D
Viar 55

having a corresponding duty factor D given by

60

describing D as function of the product of the voltage con- 65
version ratio and the pre-converter factor nX, it 1s clear that
smaller values of “n” increase the minimum duty factor for

Table 4 1llustrates the duty factor range of some common
step-down conversion applications with input voltages rang-
ing irom those supplied by 1s Lilon to 3s Lilon batteries,
along with 3V and 12V supplies regulated at £10%. Those
conditions marked with an asterisk (*) may require limiting
the converter’s operating frequency in order to meet the full
range 1n required duty factors. The CLDD converter accom-

modated all the applications without requiring duty factors
under ten percent.

0.5X-Type CLDD Implementation: FIG. 17A illustrates a
circuit diagram of a 0.5X-type CLDD converter 660. Using a
ground-referenced fractional charge pump, the switched
capacitor pre-converter 660A comprises two flying capaci-
tors 666 and 667 driven by five MOSFETs 661, 662,663, 664,
and 665. The MOSFETs are controlled by break-before-make
(BBM) butfer (not shown) to alternatively charge and dis-
charge flying capacitors 666 and 667. The output voltage V|
charges capacitor 675 and powers the mnput to the inductive
post-regulator 6608, where MOSFETs 668 and 669 using
PWM control, continuously adjust the current flowing in
inductor 671 1n response to feedback of the output voltage as
filtered by reservoir capacitor 672.

In converter 660, the charge pump pre-converter 660A and
the inductive post-regulator 660B share no components and
may operate independently. Accordingly, MOSFETs 668
through 669 can switch at a frequency different than MOS-
FETs 661 through 665. In such asynchronous operation,
capacitor 675 must store energy output from charge pump
pre-converter 660A and supply 1t to the mput of post-regula-
tor 6608 and must comprise suilicient capacitance to supply
all current transients as demanded. While the two clock pulse
generators controlling pre-converter 660 A and post-regulator
6608, respectively, may “free run” and thereby vary 1n fre-
quency, unsynchronized operation can lead to excessive
switching noise 1n the system.

In a preferred embodiment of a multi-frequency 1mple-
mentation of 0.5X CLDD converter 660, pre-converter 660A
and post-regulator 6608 switch at different frequencies but
are synchronized either by a phase-locked-loop, also known
as a PLL, or by using a common clock generator, multiplied-
up or divided-down to generate the two dissimilar clock sig-
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nals. Ideally the clock wavetorm for inductive post-regulator
6608 comprises a ramp generator rather to produce a square,
triangle, or saw-tooth ramp wave. The gate drive for charge
pump MOSFETs 661, 662, 663, 664 and 665 may however
comprise square wave signals generated by feeding the output
of the ramp generator into a comparator. Alternatively, one or
more of the MOSFETs 661, 662, 663, 664 and 665 1n the
charge pump pre-converter 660A may be used to limit the
inrush current to the charge pump during the charging or
discharging of 1ts flying capacitors.

I, 1n contrast, charge pump pre-converter 660A and induc-
tive post-regulator 660B are switched in phase and at the same
frequency, the size of an intermediate capacitor between the
two stages can be greatly diminished or even eliminated.
Under such circumstances, since each of MOSFETSs 664 and
665 1n the charge pump pre-converter 660A 1s wired 1n series
with MOSFET 668 1in post-regulator 6608, whenever MOS-
FETs 664, 665 and 668 are switching on and off together at
the same frequency, MOSFET 668 1s redundant and may be
climinated.

The resulting 0.5X-type LCDD converter 700 1s 1llustrated
in FIG. 17B, where MOSFETs 704 and 705 serve both as
output transistors for the charge pump pre-converter 700A
and as mput devices for the inductive post-regulator 700B.
This modification reduces series resistance, conduction and
switching losses 1 the LCDD converter and also saves die
area. The intervening capacitor 675 1s also eliminated, since
flying capacitors 706 and 707 act 1n parallel as an input filter
tor post-regulator 700B whenever MOSFET's 704 and 705 are

on and conducting.

As shown, the fractional switched capacitor pre-converter
700A of converter 700 comprises five MOSFETs 701, 702,

703, 704, and 705 with flying capacitors 706 and 707. The
MOSFETs are controlled by break-before-make (BBM)
butiler 713 to alternatively charge and discharge flying capaci-
tors 706 and 707. The current flowing through inductor 710 1s
dynamically adjusted by the duty factor of MOSFETs 704
and 703, with a PWM controller 712 responding to changes in
the output voltage of converter 700. Feedback signal V .5 1s
adjusted 1n voltage by a level shuft circuit 714 to control PWM
controller 712.

When high-side MOSFETs 704 and 705 are conducting,
the voltage V, 1s biased at V' approximately equal to
{0. 5V par—1z l/2RE.S} during which time inductor 710 is mag-
netized, 1.e. stores energy while delivering current to the
output terminal and simultaneously transferring energy and
charging output capacitor 711. When MOSFETs 704 and 705
are turned off, the voltage V_tlies below ground, forwarding
biasing diode 709 and recirculating current. The synchro-
nized conduction of MOSFETs 704 and 705 not only per-
forms the function of controlling the output current of 0.5X
charge pump pre-converter 700A, but also performs the func-
tion of the mmput MOSFETSs for the inductive post converter
700B, thereby eliminating the need for one high current low-
resistance MOSFET, saving die area and improving eifi-
ci1ency.

Some portion of the time while diode 709 1s forward-
biased, synchronous rectifier MOSFET 708 1s turned on,
diverting the current from diode 709. Break-before-make
butiler 713 drives the gate of MOSFETs 708 out of phase with
MOSFETs 704 and 705, insuring that flying capacitors 706
and 707 are not shorted to ground by simultaneous conduc-
tion of MOSFETs 704, 705, and 708. A clock generator 715
synchronizes the switching of pre-converter 700A to the
switching of post-regulator 7008, while PWM controller 712
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controls the pulse width, 1.e. on-time, of all MOSFETSs 1n
response to changes in the output voltage and feedback signal
Vs

Notice that 1n converter 700, the intermediate capacitor
connected between charge pump pre-converter 700A and
inductive post-regulator 700B has been eliminated, 1.e., there
in no equivalent to capacitor 673 of converter 660 1n converter
700. Therefore, a steady intermediate voltage V., does not
exist in converter 700. The node voltage V' emulates the
behavior of intermediate voltage V,, during the time when
MOSFETs 704 and 705 conduct and inductor 710 1s being
magnetized. During that portion of the half-cycle of converter
700, the voltage V' 1s approximately equal to one-half the
battery input voltage. During the other hali-cycle, when tly-
ing capacitors 706 and 707 are charged 1n series, each capaci-
tor 1s charged to a voltage ot V, /2 through conducting
MOSFETs 701, 702 and 703 and no longer behaves as a
semi-constant voltage source or power supply. So Vy' acts as
a “virtual” constant voltage source whenever it 1s powering
post-regulator 700B, hence the prime notation .

In an alternative embodlment synchronous rectlﬁer MOS-
FET 708 may be eliminated and recirculation current carried
entirely by diode 709, which preferably should comprise a
Schottky metal-semiconductor diode, not a P-N junction
diode. Schottky diodes are preferred because they exhibit
lower forward voltage drops than junction diodes. In vyet
another embodiment, a Schottky diode can be placed 1n par-
allel with MOSFET 708 and intrinsic P-N diode 709.

The operation of fractional CLDD converter 700 1s 1llus-
trated 1n FIGS. 17C and 17D. In equivalent circuit diagram

720 of FI1G. 17C, capacitors 706 and 707 are charged through
conducting MOSFETs 701 and 702 while MOSFETs 703,
704, and 705 remain off. Series-connected tlying capacitors
706 and 707 are each charged to the half the battery mput
voltage, 1.e.toV, /2.

During this phase, synchronous rectifier MOSFET 708 1s
conducting recirculation current I, through inductor 710,
thereby moving energy from inductor 710 to output capacitor
711 and to load 721. The phase can be referred to as the
“charging and recirculation phase”, 1.e. the charging of the
flying capacitors and the maintaining of the output voltage
through inductor remrculatlon During this phase, MOSFETSs
704 and 705 are turned off and output capacitor C_ . 711
supplies the necessary load current 1_ . to the electrical load
721. Specifically, during this phase the energy 1n inductor 710
1s used to replenish output capacitor 711 as 1t 1s being dis-
charged by load 721. A recirculation current flows through
MOSFET 708, diode 709 and filter capacitor 711. The voltage
across capacitor 711 begins to sag during this cycle and 1s
replenished during the subsequent transier phase shown in
FIG. 17D.

FIG. 17D represents the transfer phase, when energy 1s
transferred from flying capacitors 706 and 707 in pre-con-
verter 700A to inductor 710 1n post-regulator 700B. This
transter 1s achieved by shutting off charge circuit MOSFETSs
701,702, and 709, and by turning on MOSFETs 703, 704, and
705, thereby connecting flying capacitors 706 and 707 1n
parallel referenced to ground, and 1n series with inductor 710.
This connection simultaneously magnetizes inductor 710,
storing energy I°L, and transfers charge from flying capaci-
tors 706 and 707 to reservoir capacitor 711 at a voltage DV _,
1.€., the voltage on the flying capacitors (0.5-V, ) times the
duty factor D of MOSFETs 704 and 705.

The two phases alternate to keep inductor 710 magnetized
and flying capacitors 706 and 707 and output capacitor 711
charged. The entire system 1s efficient because once the volt-
age builds up on flying capacitors 706 and 707 and filter
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capacitor 711 during start-up, steady state operation must
only replenish enough charge to compensate for the small

shifts 1n voltage resulting from voltage sagging across capaci-
tors 706, 707 and 711 as they discharge.

Switched Capacitor-Inductor (CLID) Regulating Inverters

The generic CLXD converter topology of FIG. 9 1s also
usetul for producing regulated voltages below ground. By
utilizing an inverting charge-pump as a pre-converter fol-
lowed by an inductive down converter, inverting voltage con-
version 1s performed 1n two stages, referred to herein as a
CLID converter. The switched-inductor post converter as
described comprises a down converter, meaning the absolute
magnitude of the voltage 1s decreased.

Examining the implementation of the CLID-type inverters
in greater detail, FIGS. 18 A and 18B 1illustrate the functional
block diagrams of two different switched CLID inverting
converters, comprising a —1 X type pre-converter in FIG. 18A
and a fractional —0.5X type pre-converter in FIG. 18B. In both
FIG. 18A and FIG. 18B, the post converter comprises a non
inverting Buck converter, a circuit that decreases the absolute
magnitude of the negative output voltage, 1.e. a smaller, less
negative voltage. Such circuit topologies are referred to
herein as CLID inverters.

In FIG. 18A, a -1X type CLID inverting converter 760
comprises a pre-converter 760A and a post-regulator 760B.
Pre-converter 760A comprises a doubler charge pump 761
with a flying capacitor 762 and a filter capacitor 763, where
the output of charge pump 761 supplies a negative, 1.e. below
ground, intermediate voltage V... The intermediate voltage V
in turn powers a non-nverting step-down switched-inductor
post-regulator 7608, comprising an inductor 766, a MOSFET
764, a synchronous rectifier MOSFET 7635 with an intrinsic
rectifier diode 767 and an output capacitor 768. MOSFET 765
includes a P-N diode 767 which remains reverse-biased since
V_=0. In some cases, depending on the magnitude of the
capacitance C, of filter capacitor 763, a P-N diode 1s included
in parallel with capacitor 763 to clamp the positive voltage
range ofV . SmceV =-1-V, .andV_, =D-V  then the volt-

QLT

age conversionratio of —1X-type CLID converter 760 1s given
by

VDHT

Vbarr

=D

The ability of —1X CLID inverting converter 760 to create
and regulate a —0.9V or -1.8V output from a wide range of
input voltages 1s illustrated i graph 800 of FIG. 19A, with
inputs as shown ranging from 2V up to 5V, a range including
1s Lilon discharge condition. As shown, the battery or input
voltage (curve 801) 1s mverted to produce intermediate volt-
age V, shown by curve 802. Using a non-inverting Buck type
post-regulator operating at a duty factor D,, a regulated
—-0.9V output (curve 803) 1s produced, or at a different duty
factor D, a —1.2V output (not shown) may be produced.

An example of CLID conversion 1s 1llustrated in graph 820
of FIG. 19B where the discharge of a 1s Lilon battery is
iverted and regulated to —1.8V. The Lilon battery fully
charged starts with a 4.2V condition (curve 821) that decays
over time to a plateau voltage (curve 822) of approximately
3.5V and then eventually reaches 1ts discharged condition of
2.7V (curve 823). The single-capacitor pre-converter 760A of
—-1X-type CLID converter 760 produces a time varying nega-
tive voltage -V, shown by curve 824, ranging from —-4.2V to
-2.7V. The intermediate voltage —V  1s then stepped down in
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magnitude to -1.8V by an a varying amount D, using a
step-down post-regulator to produce a constant —1.8V output

(curve 825).

In some cases, a —1X pre-converter in a —1X CLID invert-
ing converter produces an undesirably large negative inter-
mediate voltage Vy at high input voltage conditions, forcing
the post-regulator to operate at low duty factors. One way to
avold this problem 1s to employ a -0.5X-type fractional
charge pump inverting pre-converter instead of a —1X type
pre-converter.

-0.5X-type CLID Inverting converter: In FIG. 18B, a
-0.5X type CLID inverting converter 780 comprises a pre-
converter 780A and a post-regulator 780B. Pre-converter
780A comprises a fractional charge pump 781 with flying
capacitors 782 and 783 and a filter capacitor 784, where the
output of charge pump 781 supplies a negative, 1.e. below
ground, intermediate voltage V. Intermediate voltage V_ n
turn powers a non-inverting step-down switched-inductor
post converter 7808 comprising an inductor 788, a MOSFET
785, a synchronous rectifier MOSFET 786 with an intrinsic
rectifier diode 787 with an output capacitor 789. MOSFET
786 includes a P-N diode 787 which remains reverse biased
since V,=0. In some cases, depending on the magnitude of
the capacitance C, of filter capacitor 784, a diode parallel to
capacitor 784 1s included to clamp the positive voltage range

of V. Since V,=-0.5V, ,and V_ =D-V_, then the voltage

QLT

conversion ratio of —0.5X-type CLID converter 780 1s given
by

VGHI‘ — —05 D

The ability of -0.5X CLIU inverting converter 780 to cre-
ate and regulate a —0.9V output from a wide range of mput
voltages 1s illustrated in graph 840 of FIG. 19C, with 1inputs as
shown ranging from 2V up to 5V, arange including a 1s Lilon
discharge condition. As shown, battery or mput voltage
(curve 841) 1s mverted and halved to produce intermediate
voltage V , shown by curve 843, ranging from 1V to 2.5V.
Using step-down post-regulator 7808 operating at a duty
factor D, a regulated -0.9V output (curve 844) 1s produced,
or at a different duty factor (not shown), a —1.8V output may
be produced from a 1s Lilon battery.

An example of —0.5X CLID conversion 1s illustrated 1n
graph 860 of FIG. 19D, where the discharge of a 1s Lilon
battery 1s inverted and regulated to —0.9V. The Lilon battery
tully charged starts with a 4.2V condition (curve 861) that
decays over time to a plateau voltage (curve 862) of approxi-
mately 3.5V and then eventually reached 1ts discharged con-
dition of 2.7V (curve 863). The single-capacitor pre-con-
verter 780A of -0.5X-type CLID converter 780 produces a
time varying negative voltage -V, shown by curve 865,
ranging from -2.1V to —1.35V. The intermediate voltage V 1s
then stepped down in absolute magnitude to -0.9V by a
varying amount D, using non-inverting step-down post-regu-
lator 780B to produce a constant —0.9V output (curve 866).

The duty factor for CLID inverting converters can be
derived by rearranging the formula for the CLXD converter to
yield

VGHT
L ngﬁ

VDHI‘

Vbarr
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in the case of the single capacitor inverter and by

VDHT
D)= —
1+ Viar

VDH ]

Vbarr

-2

Sincen<OandV_ /V, <0, bothnumbers are negative and
the duty factor equation mathematically behaves the same as
a non-inverting CLID converter. This principle 1s 1llustrated
in graph 880 of FIG. 19E, where curve 881 represents the
voltage conversion ratio of a Buck converter as a function of
duty factor. The conversion ratio of a —1X-type CLID invert-
ing converter (curve 882) 1s the negative mirror image of the
conversion ratio of a Buck converter (curve 881) and the
conversion ratio of a —0.5X CLID inverting converter (curve
883) i1s one-half that value, or a negative mirror image of the
conversion ratio of a +0.5X CLDD converter, described pre-
viously.

Table 5 contrasts the D=50% preferred conversion ratio for
—1X CLID and -0.5X CLID converters and 1llustrates the
duty factor range needed to output several negative output
voltages from a Lilon battery.

TABLE 5
Condition ~0.5X CLID ~1X CLID
D = 50% V_JV, =-0.25 V_JV, =-0.5
Lilon = -3.0V N/A 71% <D < 100%*
Lilon — -2.7V N/A 64% < D < 90%
Lilon = -1.8V N/A 43% < D < 60%
Lilon — -0.9V 42% < D < 60% 21% <D < 30%

Those conditions marked with an asterisk (*) may require
limiting the converter’s operating frequency in order to meet
the full range 1n required duty factors. Those marked with
N/A require both step-up and step-down 1nversion.

CLID Converter Implementation: A circuit diagram of a
CLID converter 900 using a —1 X-type pre-converter 1s shown
in FIG. 20A. As shown, a charge pump inverting pre-con-
verter 900A comprises MOSFETs 901,902,903, and 904 and
a flying capacitor 905, providing intermediate negative output
voltage -V, and an optional filter capacitor 906. A diode
across capacitor 906 may be included to limit the V , positive
voltage swing and may be omitted depending on the capaci-
tance value C, of capacitor 906. Intermediate voltage V| 1s
connected to an inductor 911 of Buck-type post-regulator

6008 with a ground-connected MOSFET 909, a floating syn-
chronous rectifier MOSFET 907 with an itrinsic P-N diode
908 and an output capacitor 912 driving a load (not shown).
Since V, =0, the output of —1X-type CLID converter 900 1s
given by the equation

VGHIZ_D . Vbarr

Since MOSFETs 904 and 907 are connected 1n series,
synchronous operation of charge pump pre-converter 900A
and 1inductive post-regulator 900B at the same frequency and
in phase means that one of these two MOSFET's 1s redundant
and can be eliminated, along with capacitor 906. This simpli-
fied version of the CLID converter 1s illustrated as converter

930 of FIG. 20B.

As shown, a charge pump mverting pre-converter 930A
comprises MOSFETs 931, 932, and 933 with a flying capaci-
tor 936, which provides an intermediate negative output volt-
age V_ ! Intermediate voltage V! 1s connected to an inductor
939 of a Buck-type post-regulator 930B having a ground-
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connected MOSFET 935, a synchronous rectifier MOSFET
934 with an 1ntrinsic P-N diode 937 and an output capacitor
940 driving a load (not shown).

Post-regulator 9308 1s controlled by PWM a controller
945, driving MOSFET 935 1n response to the feedback signal
V - from the output, terminal of converter 930, level shifted
to the appropriate value V.. by a level shiit circuit 946.
Level shift circuit 946 1s needed to convert the output voltage
V___which 1s negative, 1.e. below circuit ground, to a voltage
within the range of the PWM control circuit 945. One conve-
nient method to implement level shift circuit 946 1nvolves
current mirrors. The implementation of a feedback circuit 1s
described 1 the above-referenced application Ser. No.

11/890,818.

As shown, a clock and ramp generator 947 1s used to switch
PWM controller 945 at a frequency ¢ and 1s used to drive the
MOSFETs 931, 932 and 933 in pre-converter 930A at a
frequency m-¢, where 1n the simplified case m=1 and the
charge pump pre-converter 930A and switched inductor post-
regulator 930B are clocked at the same frequency and syn-
chronized to the same clock. A break-before-make (BBM)

circuit 938 provides the gate drive and necessary level shift-

Buck (Positive)

Vaut/vin = 05
71% < D < 100%*

64% <D <90%
43% <D < 60%
21% <D < 30%

mng V., toV; to MOSFETs 931, 932 and 933, respectively.
A BBM circuit 949 drives MOSFET 935 and synchronous
rectifier MOSFET 934 in response to PWM controller 945,
preventing signmificant shoot-through conduction, 1.e. simul-
taneous conduction in MOSFETs 935 and 934 to prevent
damage and improve the efliciency of converter 930.

As shown 1n the equivalent circuit diagrams of FIGS. 20C
and 20D, the operation of -1X-type CLID converter 930
occurs 1n two alternating phases. In the charging and recircu-
lating phase, shown 1 FIG. 20C, flying capacitor 936 is
charged through MOSFETs 931 and 932 to substantially the
tull battery voltage V, __., while the current I, 1n inductor 939

re-circulates through diode 938, the on-state synchronous
rectifier MOSFET 935, output capacitor 940, and to load 961.

MOSFETs 933 and 934 remain off in this phase of operation.
The on-time of synchronous rectifier MOSFET 935 may be
less than the entire period during which diode 938 1s conduct-
ing and may rely on more control signals than simply the gate
drive of MOSFET 934 to determine when 1t should com-
mence and cease conduction.

In the second phase, shown 1n FIG. 20D, conducting MOS-
FETs 931,932, and 935 are turned off and MOSFETs 933 and
934 are turned on to connect tlying capacitor 936 to inductor
939 thereby magnetizing the inductor. During this cycle out-
put capacitor 940 supplies load 961. After a prescribed time,
determined by PWM controller 945, converter 930 reverts to
the first phase, alternating according to the duty factor pro-

vided by PWM controller 945.

In another embodiment, synchronous rectifier MOSFET 1s
never turned oif fully but only reduced to low current opera-
tion, 1n the range of a few microamperes to reduce noise as
described 1 the above-referenced application Ser. No.

11/890,947.
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Fractional CLIU Converter Implementation: A CLID con-
verter 1000 using a -0.5X-type pre-converter 1000A 1s
shown 1n FIG. 21A. Fractional charge pump pre-converter
1000A comprises MOSFETs 1001 through 1007 with flying
capacitors 1016 and 1017. As converter 1000 1s a simplified
circuit, intermediate voltage V,, 1s not a constant voltage.
Instead, during the conduction of MOSFETs 1006 and 1007,
the voltage V , acts like a virtual voltage source connected to
inductor 1010 of non-inverting Buck-type post-regulator

1000B. Post-regulator 1000B includes MOSFETs 1006 and
1007, asynchronous rectifier MOSFET 1008 with an intrinsic
P-N diode 1009, and an output capacitor 1011 driving a load

(not shown). The output voltage of —0.5X-type LCID con-
verter 1s given by the equation

vV ..=wnlDV, =—05DV, .

Post-regulator 10008 1s controlled by a PWM controller
1012 driving MOSFETs 1006 and 1007 in response to the
teedback signal V., from the output terminal of converter
1000, level shifted to the appropriate value V ... by level shift
circuit 1014. Level shift circuit 1014 1s needed to convert the
output voltage V_ __ which 1s negative, 1.e. below ground, to a
positive signal within the range of the PWM controllwe 1012.
One convenient method to implement level shift circuit 1014
involves current mirrors. The implementation of a feedback
circuit 1s described 1n the above-referenced application Ser.
No. 11/890,818.

As shown, a clock and ramp generator 10135 1s used to
switch PWM controller 1012 at a frequency ¢ and 1s used to
drive MOSFETs 1001 through 1007 in charge pump pre-
converter 1000A at a frequency m-¢, which may be higher or
lower than the switching frequency of post-regulator 1000B.
In the embodiment shown in FIG. 21 A, m=1 and charge pump
pre-converter 1000A and switched inductor post-regulator
1000B are clocked at the same frequency and synchronized to
the same clock. A break-before-make (BBM) circuit 1013
provides the gate drive and necessary level shifting V ;, to
Vs to MOSFETs 1001 through 1007. BBM circuit 1013
drives MOSFETs 1006 and 1007 and synchronous rectifier
MOSFET 1008 in response to PWM controller 1012, pre-
venting significant shoot-through conduction, 1.e. simulta-
neous conduction in MOSFETs 1009, 1006 and 1007, to
prevent damage and improve the efficiency of converter 1000.

As shown 1n the equivalent circuit diagrams of FIGS. 21B
and 21C, the operation of —0.5X fractional type CLID invert-
ing converter 1000 occurs in two alternating phases. In the
charging and recirculating phase, shown in FIG. 21B, flying
capacitors 1016 and 1017 are charged through MOSFETs
1001, 1002, and 1003 to substantially one-half the battery
voltage, 1.e. V,_./2, while the current I, in inductor 1010
re-circulates through diode 1009, the on-state synchronous
rectifier MOSFET 1008, output capacitor 1011, and to the
load 1021. The recirculation path 1s completed by capacitor
1011. MOSFETs 1004, 1005, 1006, and 1007 remain oif in
this phase of operation. The on-time of synchronous rectifier
MOSFET 1008 may be less than the entire period during
which diode 1009 1s conducting and may rely on more control
signals than simply the gate drive of MOSFETs 1006 and
1007 to determine when it should commence and cease con-
duction.

Inthe second phase, MOSFETs1001,1002,1003 and 1008
are turned oftf and MOSFETs 1004, 1005, 1006, 1077 and
1063 are turned on to connect flying capacitors 1016 and 1017
to inductor 1010, thereby magnetizing inductor 1010. After a
prescribed time determined by the PWM controller 1012,
converter 1000 reverts to the first phase, alternating according
to the duty factor provided by PWM controller 1012.
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In another embodiment, synchronous rectifier MOSFET
1008 1s never turned off fully but only reduced to low current
operation, 1n the range of a few microamperes to reduce noise
as described in the above-referenced application Ser. No.
11/890,947.

While specific embodiments according to the imnvention are
described above, these embodiments are intended to be 1llus-
trative and not limiting. Many additional and alternative
embodiments within the broad scope of this invention will be
apparent to persons of skill in the art.

I claim:

1. A DC/DC voltage converter comprising:

a pre-converter comprising a switched capacitive circuit,
the switched capacitive circuit comprising at least one
capacitor, a terminal of the at least one capacitor being
coupled through a first switch to an mnput terminal of the
pre-converter and through a second switch to a reference
voltage; and

a post-regulator comprising a switched inductive circuit;

wherein an output terminal of the pre-converter 1s coupled
to an input terminal of the post-regulator, an input ter-
minal of the DC/DC voltage converter comprises the
input terminal of the pre-converter, and an output termi-
nal of the DC/DC voltage converter comprises an output
terminal of the post-regulator; and

wherein the post-regulator 1s adapted to produce a voltage
at the output terminal of the post-regulator that 1s lower
in absolute value than a voltage at the mput terminal of
the post-regulator.

2. The DC/DC voltage converter of claim 1 further com-
prising a feedback path, a first terminal of the feedback path
being coupled to the pre-converter, a second terminal of the
teedback path being coupled to the output terminal of the
post-regulator.

3. The DC/DC voltage converter of claim 1 wherein the
post-regulator comprises a high-side switch connected 1n a
series path with a low-side switch and an inductor, a first
terminal of the inductor being coupled to a point 1n the series
path between the high-side switch and the low-side switch,
the series path extending from the mput terminal of the post-
regulator.

4. The DC/DC voltage converter of claim 3 wherein a
second terminal of the mnductor 1s coupled to the output ter-
minal of the post-regulator.

5. The DC/DC voltage converter of claim 3 wherein the
high-side switch comprises a high-side MOSFET and the
low-side switch comprises a low-side MOSFET.

6. The DC/DC voltage converter of claim 5 wherein the
post-regulator comprises a break-before-make unit coupled
to a gate of the high-side MOSFET and a gate of the low-side
MOSFET.

7. The DC/DC voltage converter of claim 6 wherein the
post-regulator comprises a pulse width modulation umnit
coupled to the break-before-make unit and a clock generator
coupled to the pulse width modulation unait.

8. The DC/DC voltage converter of claim 7 wherein the
clock generator 1s coupled to the pre-converter.

9. The DC/DC voltage converter of claim 7 comprising a
level shift unit coupled to the pulse width modulation unit.

10. The DC/DC voltage converter of claim 9 comprising a
teedback path, a first terminal of the feedback path being
coupled to the level shift unait.

11. The DC/DC voltage converter of claim 10 wherein a
second terminal of the feedback path 1s coupled to the output
terminal of the post-regulator.
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12. A DC/DC voltage converter comprising;

a pre-converter, the pre-converter comprising a charge
pump, the charge pump producing an output voltage
equal to a predetermined multiple of an input voltage;

a post-regulator comprising a switched inductive circuit;

wherein an output terminal of the pre-converter 1s coupled
to an mput terminal of the post-regulator, an mput ter-
minal of the DC/DC voltage converter comprises an
input terminal of the pre-converter, and an output termi-
nal of the DC/DC voltage converter comprises an output
terminal of the post-regulator; and

wherein the post-regulator 1s adapted to produce a voltage
at the output terminal of the post-regulator that 1s lower
in absolute value than a voltage at the mput terminal of
the post-regulator.

13. The DC/DC voltage converter of claim 12 wherein the
predetermined multiple 1s a fraction less than one.

14. The DC/DC voltage converter of claim 13 wherein the
charge pump produces an output voltage equal to 0.5 times
the iput voltage.

15. The DC/DC voltage converter of claim 14 wherein the
post-regulator comprises a Buck converter.

16. The DC/DC voltage converter of claim 135 wherein the
post-regulator comprises a high-side switch connected 1n a
series path with a low-side switch and an inductor, a first
terminal of the inductor being coupled to a point 1n the series
path between the high-side switch and the low-side switch,
the series path extending from the input terminal of the post-
regulator.

17. The DC/DC voltage converter of claim 15 wherein a
second terminal of the inductor 1s coupled to the output ter-
minal of the post-regulator.
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18. The DC/DC voltage converter of claim 12 wherein the
predetermined multiple 1s a number greater than one.

19. The DC/DC voltage converter of claim 18 wherein the
charge pump produces an output voltage equal to 2 times the
input voltage.

20. The DC/DC voltage converter of claim 19 wherein the
post-regulator comprises a Buck converter.

21. The DC/DC voltage converter of claim 20 wherein the
post-regulator comprises a high-side switch connected 1n a
series path with a low-side switch and an inductor connected
to a point 1n the series path between the high-side switch and
the low-side switch, the series path extending from the input
terminal of the post-regulator.

22. The DC/DC voltage converter of claim 18 wherein the
charge pump produces an output voltage equal to 1.5 times
the input voltage.

23. The DC/DC voltage converter of claim 22 wherein the
post-regulator comprises a boost converter.

24. The DC/DC voltage converter of claim 23 wherein the
post-regulator comprises a high-side switch connected 1n a
series path with a low-side switch and an inductor connected
to a point 1n the series path between the high-side switch and
the low-side switch, the series path extending from the input
terminal of the post-regulator.

25. The DC/DC voltage converter of claim 12 wherein the
predetermined multiple 1s a negative number.

26. The DC/DC voltage converter of claim 25 wherein the
charge pump produces an imnverted output voltage equal to -1
times the input voltage.

277. The DC/DC voltage converter of claim 25 wherein the
charge pump produces an inverted output voltage equal to
-0.5 times the mput voltage.
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